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Abstract
The U-Pb geochronology minerals zircon (ZrSiO4) and baddeleyite (ZrO2) occur as
microscopic grains in many planetary rocks, are among the oldest known solids, and
preserve robust records of chemical, isotopic and orientation microstructures useful for
reconstructing the evolution of early planetary lithospheres and hydrosphere. Less well
known are the nanoscale characteristics of these long-lived minerals, and their connections,
if any, to processes that operated at larger length scales in the crust important to habitability
such as global planetary bombardment and fluid flow. The aim of this thesis was therefore
to develop and apply nanoscale analytical techniques, primarily atom probe tomography
(APT), to expand our knowledge of the chronology and chemical records in zircon and
baddeleyite grains exposed to impact bombarded and fluid-altered crust. Rare samples
from Earth and ancient Mars were investigated in order to explore signatures of high
temperature metamorphism and intervening periods of low temperature fluid alteration.
Shock metamorphosed zircon grains from deep (~15 km) beneath the center of the giant
Vredefort impact structure show two styles of impact-related nanoscale Pb mobility. U-Pb

and Pb-Pb ratios measured by APT for nanodomains of 100% Pb loss and Pb retention as
clusters are combined to identify the interval between zircon crystallization and shock
metamorphism. These results point to unusually rapid, multi-path diffusion processes
within sub-micrometre volumes which, when averaged, yield discordant U-Pb dates.

Zircon and baddeleyite grains from the Martian polymict breccia meteorite NWA 7475 that
are now known to have crystallized from the earliest known, pre-Noachian crust of Mars
(>4.4 billion years old), have primary compositions similar to igneous grains from Earth,
yet exhibit two classes of nanoscale features unlike those in the Earth sample. Secondary,
nanoscale enrichments of alkalis and metals are seen in crystalline zircon in the form of
curvilinear features interpreted as healed, fluid altered fractures. Cl-bearing domains in
metamict zircon, and a thin reaction rim of zircon around baddeleyite are attributed to later
episodes, and processes, of fluid alteration of the Martian crust during or after breccia
lithification at 1.4 Ga. A clast of igneous baddeleyite partly replaced by granular
metamorphic zircon rim from a melt-laden clast in the same meteorite signifies an earlier,
>1.4-billion-year, high temperature episode and, attests to the rich, more than 3-billionii

year, polycyclic record of processes embedded in samples derived from the southern
Highlands of Mars. This work contributes methodological developments in U-Pb
geochronology and planetary science applicable to Earth and future Mars work on
meteorites and returned samples.
Key words: atom probe tomography • electron microscopy • zircon • baddeleyite •
Pb isotopes • U-Pb geochronology • microstructural geochronology • impacts • Vredefort
• Mars • Martian polymict breccia meteorites • planetary evolution
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Summary for Lay Audience
A goal amongst planetary scientists is to understand the early conditions of planets that
may have allowed some of them to transition to a state suitable to host life, such as Earth.
The minerals of zircon and baddeleyite are known to preserve records of these conditions
which may survive in the minerals for billions of years. The main objective of this work is
to provide insight on some of the mineral records preserved in small volumes (e.g.,
nanometres) of zircon and baddeleyite and show how they can be used to gain a better
understanding of the geologic processes once active on the surface of early Earth and Mars.
The first set of results presented in this thesis show the movement of lead (Pb) atoms into
nanometre sized domains in zircon sampled from crater floor of a large meteorite impact
site, the Vredefort impact structure in south Africa, which was exposed to high
temperatures (>800 °C) following the impact event. Measurements of uranium (U) and Pb
in these nanometer sized domains provide information on the timing of original zircon
growth and later shock metamorphism and provide insight on the mechanisms responsible
for the movement (and loss) of Pb from zircon under high temperature and pressure
conditions. Implications of this work serve as a reference point for identifying and dating
large meteorite impacts on early planets where other evidence has been erased. The second
set of results are presented for igneous zircon and baddeleyite grains sampled from a rare
piece of regolith, i.e., surface material, from Mars. Zircon and baddeleyite in this meteorite
represent the oldest components of Martian crust and have been shown to contain evidence
for alteration by fluids while on the surface of Mars. Evidence for nanometre sized domains
formed during high temperature processes, as well as low temperature fluid-related
alteration are shown in a wide array of zircon and baddeleyite grains and are attributed to
different events on Mars relative to a known period of high temperature metamorphism.
This work provides new information on the relative timing of secondary processes at
discrete points on the surface of Mars and serves as a methodological and characterization
reference point for future Mars work on meteorites and returned samples.
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Chapter 1
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Introduction

1.1. Motivation
A major focus of planetary science is to understand the early conditions of planetary bodies
which may have allowed some to transition to more habitable states. Among the factors
considered significant are the tempo and magnitude of meteorite bombardment events that
influenced initial crustal conditions and the establishment of biosphere suitable for life
(Ryder 2002; Abramov and Mojzsis 2016). For Earth, a peak in impact energy delivery
during the Hadean Eon (ca. 4.6-4.0 billions of years before present, or giga annum (Ga))
was likely a limiting factor in the permanent onset of life (Sleep and Zahnle 1998), however
almost none of the geologic record from this Eon remains. Consequently, insight into this
period must be gathered from nearby bodies such as the Moon, and now Mars, where this
ancient crust persists.
Improving the accuracy of solar system impact history on extraterrestrial bodies is
therefore a major focus amongst planetary researchers as is the study of post-bombardment,
water-rich environments on nearby planets such as Mars where rover sample-return
missions are under way (Beaty et al. 2019). A part of the geologic record which can be
compared between Earth and other rocky planets is in the micromineral suite of zirconiumbearing accessory minerals such as zircon and baddeleyite. These are present in some of
the oldest planetary crusts, or, on Earth, as particles in younger sediments, and represent
the ultimate “survivor” minerals. These minerals are known to carry a wide range of
magmatic, metamorphic, and hydrothermal features that can accumulate in single grains
for up to billions of years to record early continent creation (Moser et al. 2008), globally
life-altering meteorite impacts such as that which led to the Cretaceous-Tertiary extinction
(Krogh et al. 1993), and the establishment of a hydrosphere on Earth as early as 4.4 Ga

(Valley et al. 2002). Expanding the range of information that can be gathered from these
important micromineral libraries has wide-ranging application in the search for
understanding the planetary pathways to hosting life.
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Individual grains of the minerals zircon (ZrSiO4) and baddeleyite (ZrO2) are, on average,
the diameter of human hair (~100 𝜇 m) and were originally primarily used for U-Pb
geochronology (see below) but have since been shown to preserve a wealth of additional
isotopic and microstructural information useful for reconstructing the states of early
planetary crusts (e.g., Roszjar et al. 2017; Moser et al. 2019). Accordingly, a growing range

of measurement techniques have been applied to extract this mineral records in order to
measure both chemical and orientation microstructure down to the atom scale. The
accuracy of interpretation of these micro- to nanometre scale features ultimately depends
on understanding the atomic scale mechanisms that underlie processes such as primary

crystal growth and later modifications such as metamorphic growth, lattice deformation,
trace element exchange or diffusion, and lattice radiation damage build-up or recovery
associated with U and Th decay. The suite of techniques used to extract both relative and
absolute time information from these minerals has been termed “microstructural

geochronology” (Moser et al. 2017); that is the study of spatial and chemical time
information from minerals. This approach draws on mineralogy, mineral physics, and
electron and ion microscopy to push the boundaries of conventional isotope geochronology
methods. Specifically, increasing capabilities in sub-micrometre analyses show potential
for gathering accurate chronological information from small volumes in complexly zoned,
altered, or deformed microminerals. A technique in the microstructural geochronology
toolbox which uniquely delivers both spatial and chemical time information in the same
data set is atom probe microscopy or atom probe tomography.
Atom probe tomography (APT) is a nanoscale technique that provides spatial, structural,
chemical, and isotopic information at nanometre length scales (Gault et al. 2021). APT data
consist of a 3D reconstruction of isotopically identified atoms with sub-nanometre
resolution. This makes it well-suited for analyzing structural and chemically
heterogeneities preserved in sub-micrometre volumes of microminerals. The incorporation
of APT into the analytical workflow for characterizing geological materials provides a
powerful compliment to other correlative imaging and isotopic techniques, particularly
when nanometre scale sensitivity is lacking spatially or chemically (Fig. 1.1). This includes
combinations with traditional methods for determining orientation and chemical
microstructures, such as scanning ion imaging (SII), cathodoluminescence (CL), electron
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backscattered diffraction (EBSD), transmission electron microscopy (TEM), and
transmission kikuchi diffraction (TKD), as well as high precision isotopic measurements,
such as secondary ion mass spectrometry (SIMS) and isotope-dilution thermal ionization
mass spectrometry (ID-TIMS). Together, the capabilities of these combined methods has
led to a growth in the applications of APT to measuring and interpreting evidence of past

geologic processes preserved in microminerals at micrometre to atomic scales (Reddy et
al. 2020 and references therein).

Figure 1.1. Detection sensitivity and resolvable feature size for several analytical
electron and ion beam techniques. Modified from Gault et al. (2021).
APT research on terrestrial zircon and baddeleyite have focused on the characterization of
reference standards and optimization of acquisition parameters (La Fontaine et al. 2017;
Piazolo et al. 2017; Blum et al. 2017a; Reinhard et al. 2017; Saxey et al. 2017), the

measuring of isotopic ratios in concordant and discordant grains (Valley et al. 2014, 2015;
Peterman et al. 2016; White et al. 2017a, b), and trace element mobility in high-temperature
metamorphosed and deformed zircon in tectonic environments (Piazolo et al. 2016;
Peterman et al. 2019). Relatively unexplored are the nanoscale processes of Pb migration

in shock metamorphosed zircon from large (>10 km diameter impactor) craters, which
holds promise for improving planetary crustal geochronology by identifying and/or dating
bombardment periods using lunar, Martian and asteroidal zircons. In addition, the first
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examination of the primary trace element compositions of igneous Martian zircon and
baddeleyite and the nanodomains of fluid-relate alteration they contain holds promise for
studying the nature of aqueous processes on the ancient Martian surface and how they have
changed over time.

1.2. Materials background
1.2.1.

Baddeleyite

Baddeleyite (monoclinic ZrO2) has a density of 5.82 g/cm3 (Blake and Herbert Smith

1907), a melting temperature in the range of 2700 °C (Washburn and Libman 1920), and
occurs as an accessory mineral in a wide range of planetary mafic crusts (Herd et al. 2017).
It typically crystallizes from silica-undersaturated residual melt (e.g., basaltic magmas)
during the latest stages of crystallization (Heaman and LeCheminant 1993). The stability
field of magmatic baddeleyite (Fig. 1.2) is defined by its monoclinic structure at pressures
<5 GPa and temperatures <1400 °C (Mccullough and Trueblood 1959). Each Zr atom is in
seven-fold coordination with oxygen atoms in planes parallel to (100) forming a slightly
distorted square array (McCullough and Trueblood 1959). Weight percentage values for
stoichiometric baddeleyite are 74 wt.% Zr and 25 wt.% O with minor (<1%) to trace
(<0.01%) amounts of Hf, Nb, Ti, Fe, and U (Heaman and LeCheminant 1993). The
incorporation of trace amounts of U in the lattice and exclusion of Pb while crystallizing,
together with its strong resistance to Pb-loss, make baddeleyite a desirable U-Pb
geochronometer (Davidson and van Breemen 1988; Heaman and LeCheminant 1993). No
‘metamorphic’ baddeleyite is known and this has made it an important tool in resolving
igneous crystallization ages on Earth and Mars. It’s relative sensitivity to phase

transformation during transient high pressure shock loading from impact events cause it to
develop characteristic microstructures and phase heritage in the pressure range 5 to 20 GPa
(White et al. 2018), as discussed below. Variable Pb-loss from shocked baddeleyite from
Mars has been linked to severity of shock metamorphism and used to help date the launch

of such meteorites to Earth (Moser et al. 2013; Darling et al. 2016).
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Figure 1.2. P-T diagram of the ZrO2 system. Modified from White et al. (2020).
Abbreviations: m – monoclinic, t – tetragonal, c – cubic, o – orthorhombic, Bdy –
baddeleyite.

1.2.2.

Zircon

Zircon (ZrSiO4) has a density of 4.67 g/cm3 (Finch et al. 2001), a melting temperature of
1673 °C (Kaiser et al. 2008) and is a highly refractory accessory phase common in
differentiated planetary crusts formed during late stages of igneous crystallization of a
silica-saturated melt. Crystalline zircon has a very high hardness of 20 GPa (Beirau et al.
2016) relative to other common minerals and is virtually insoluble in most aqueous
solutions (Tole 1985). A major advantage of zircon is therefore its ability to survive
magmatic, metamorphic and impact-processes that may be preserved as discrete external
morphologies and internal textures on pre-existing zircon grains (Corfu et al. 2003). These
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characteristics, together with the extremely sluggish diffusion rates of important
geochemical tracers (e.g., U, Pb, REE, Hf, Ti, O) (Cherniak and Watson 2003) and an
ability to serve as a robust U-Pb geochronometer, makes it an excellent “survivor” mineral
for exploring the geological history of Earth and other planetary crusts.
Chemically, zircon is rather simple, having two different cation substitution sites that host
Si4+ and Zr4+ in fourfold and eightfold coordination with oxygen, respectively (Finch and
Hanchar 2003). Isolated SiO4 tetrahedra and ZrO8 dodecahedra share a common edge to
form chains parallel to [001] (Finch and Hanchar 2003). Zr and Si stoichiometrically make
up 67.2 wt.% and 32.8 wt.%, respectively, with the incorporation of minor and trace
amounts of tetravalent cations of Hf, U, and Th that may substitute for Zr4+ (Hoskin and
Schaltegger 2003). At high temperatures, Ti4+ can also substitute for Zr4+ and this has given
rise to the Ti-in-zircon thermometer (Watson et al. 2006).
The ability of zircon to incorporate and retain trace elements is largely dependent on its
crystal structure. The most common trace elements reported in zircon are Y, P and REE’s
following the coupled xenotime-type substitution (Speer 1982):

(Y, REE)3+ + 𝑃5+ → Zr 4+ + Si4+

[1.1]

Small voids and open channels parallel to [001] lie between SiO4 and ZrO8 polyhedra and
may act as potential interstitial sites for other impurity elements, given that the site can

accommodate the impurity without extra structural strain (Finch and Hanchar 2003).

1.2.3.

Zircon U-Pb geochronology

The ability of zircon to incorporate uranium into its crystal structure while rejecting
common lead (the four Pb isotopes found in the crust;
radiogenic

204Pb)

206Pb, 207Pb, 208Pb,

and non-

has made it a principal mineral for U-Pb geochronology from the

beginning of absolute dating (Holmes 1911). The decay of parent isotopes of U238 and U235
to daughter products of Pb206 and Pb207, respectively, represents two decay chains with
different half-lives. Age information can be reconstructed from the two isotopic U-Pb ratios
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and compared to gauge accuracy, and the closed-system requirement of Holmes (1911).
Each parent-daughter pair can be written following the law of radioactive decay:
206Pb

P

= 206PbI + 238U(𝑒 𝜆238 t – 1)

[1.2]

207Pb

P

= 207PbI + 235U(𝑒 𝜆235 t – 1)

[1.3]

where P is the abundance of a given nuclide at the present, I indicates the initial abundance
of that nuclide, 𝜆238 and 𝜆235 are the238U and 235 U decay constants respectively, and t is the
age of the system. However, for zircon, the initial

206Pb

and

207Pb

abundances can be

removed from the U-Pb age calculations, as Pb is excluded from the lattice during
crystallization. This allows equations [1.2] and [1.3] to be simplified and rearranged to
solve for t where * is the radiogenic component of Pb:
206Pb*

= (𝑒 𝜆238 t – 1)

[1.4]

= (𝑒 𝜆235 t – 1)

[1.5]

238

U

207Pb*
235U

When plotted on a U-Pb isochron diagram, concordant values for t will define a curved line
referred to as the concordia curve (Fig. 1.3a) (Wetherill 1956). When the system is opened
to Pb loss or U gain, values of t will be displaced along a discordia line, where the upper
and lower intercept with the concordia represents the crystallization age and timing of open

system behavior respectively (Wetherill 1956). An alternative visualization of the U-Pb
system is the Tera-Wasserburg diagram (Fig. 1.3b), in which concordant and discordant
data can be interpreted graphically in the same way as the Wetherill Concordia plot by
instead plotting

238U/206Pb

and

207Pb/206Pb

on the x- and y-axis, respectively (Tera and

Wasserburg 1972).
A final approach to visualizing the U-Pb system is through ratios of radiogenic 207Pb/206Pb.
The decay equations [1.2] and [1.3] can be normalized by 204Pb, the only non-radiogenic

isotope of lead since the formation of the Earth, thus converting each absolute abundance
into an isotopic ratio:
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Figure 1.3. Illustration of U-Pb zircon growth history presented on a (a) Wetherill
Concordia diagram and (b) Tera-Wasserburg diagram. Modified from Schoene
(2014). Values plotted on the concordia curve record the timing (Ma) of igneous
crystallization (blue: t1) and new zircon growth or complete Pb-loss during a younger
metamorphic event (orange: t2). Zircon suffering partial Pb-loss (t’: grey circles) will
fall on a discordia line (black dashed line) defined by an upper intercept with the
concordia curve at t1 and lower intercept at t2.
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(206Pb) = (206Pb) + 238U (𝑒 𝜆238 t – 1)
(204Pb)P (204Pb)I 204Pb

[1.6]

(207Pb) = (207Pb) + 235U (𝑒 𝜆235 t – 1)
(204Pb)P (204Pb)I 204Pb

[1.7]

After bringing the lead ratios to the left-hand side, equation [1.7] can be dived by [1.6] to

cancel out the 204Pb terms on the right-hand side of the equation:
(207Pb) - (207Pb)
(204Pb)P (204Pb)I =
(206Pb) - (206Pb)
(204Pb)P (204Pb)I
This leaves

(𝑒 𝜆235 t – 1)
238U (𝑒 𝜆238 t – 1)
235U

235U/238U

→

(207Pb)P – (207Pb)I =
1
(𝑒 𝜆235 t – 1)
(206Pb)P – (206Pb)I
137.88 (𝑒 𝜆238 t – 1)

[1.8]

on the left, which has a constant value today throughout the solar

system of 1/137.8 (Brennecka et al. 2010), thus eliminating the need to measure the U

isotope ratio. In a closed system, the present-day abundance of radiogenic Pb relative to
204Pb

should vary only as a function of the abundance of parent U atoms in the material

and generate a linear array when plotted. The slope of the array, referred to as an isochron,
is dependent on time ‘t’ interval of U decay since the closed system was established (Stacey

and Kramers 1975). The measured (207Pb/206Pb)* can be used to iteratively calculate an age
if no common Pb (i.e., Pb not generated in-situ from the decay of U) was introduced into
the system.

1.2.4.

Metamictization and secondary aqueous alteration

The complete decay of Th and the two U isotopes, specifically the
207Pb,

and

232Th→ 208Pb

238U→ 206Pb, 235U→

decay chains, occurs through multiple intermediate short-lived

steps such that there is a steady release of alpha, beta and gamma radiation to the host
mineral lattice. If zircon is held for extended periods of time at low temperatures in the
crust (e.g., <250 °C; Meldrum et al. 1999) the lattice damage, mostly due to the recoil of
the decayed atom which create an amorphous collision cascade 5-10 nm in diameter

(Ewing et al. 2003), will accumulate. This process, referred to as metamictization, will
result in a network of damaged pathways that affect the durability of the grain, such as a
slight decrease in hardness (Beirau et al. 2016) and an increase of solubility in aqueous
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solutions (Tole 1985). The mobility of trace elements in zircon is also a function of the
state of this nanoscale network. The overlap of amorphous domains forms an
interconnected network at the “first percolation point”. Zircon at the first percolation point
exhibits a diffusion rate orders of magnitude faster than in crystalline domains and
therefore allows for open system chemical behavior (Cherniak et al. 1991). As a result,

metamict zircon is more susceptible to alteration by aqueous fluids relative to unaltered,
crystalline domains (e.g., Geisler et al. 2003, 2007; Hoskin 2005), as well as significant
amounts Pb loss (Geisler et al. 2002). During these fluid alteration processes, structural
recovery of amorphous domains and fractures will result in an enrichment of non-formula

hydrous species, i.e., Al, Fe, Mg and Ca (Geisler et al. 2007).

1.2.5.

Shock microstructures

The first use of the mineral baddeleyite in geochronology, recognition of shock
microstructures in zircon, and examination of U-Pb isotope systematics in shocked zircon
can be found in a study of the Sudbury impact structure in Canada by Krogh et al. (1984).
This work gave rise to the value of zircon as an impact geochronometer and baddeleyite as
a means to date mafic igneous rocks as zircon is generally rare to absent. Since then, a
number of studies have characterized a range of microstructures in shock deformed zircon
that vary according to shock pressure, temperature, and duration of thermal pulse (Fig. 1.4).
These features include planar features or cleavage resulting from initial shock compression

(Leroux et al. 1999; Moser et al. 2011; Erickson et al. 2013) and annealed curviplanar
fractures that host glass melt inclusions (Moser et al. 2011), although fractures without
glass inclusions may also be created by seismic activity (Kovaleva et al. 2015) and not
necessarily diagnostic of crater formation. Microtwins along {112) that are rotated 65°

about [110] have only been observed in impact-shocked zircon on Earth (Moser et al. 2011;
Erickson et al. 2013) and the Moon (Timms et al. 2012; Crow et al. 2017). The mechanical
twins have been found in xenoliths from the base of the crust ~100 km from the centre of
impact (Jones et al. 2018). Numerical modelling indicates that (i) they are uniquely formed
by the high shear strains associated with meteorite impact shock waves, and (ii) high strain
rates can occur at relatively low pressures of 2-3 GPa (Jones et al. 2018). Shock twinning
is instantaneous and does not cause out-diffusion of radiogenic Pb (Moser et al. 2011)
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although other microstructures such as low angle grain boundaries and annealed
curviplanar fractures have been correlated to various degrees of Pb loss and partial resetting
of U-Pb ages (Moser et al. 2011; Cavosie et al. 2015a). Granularization of zircon (Bohor
et al. 1993) and zircon re-crystallization from impact melt heating post shock wave have
been shown to correlate to a complete resetting of U-Pb systematics (Moser et al. 2011;

Cavosie et al. 2015a). Additional indicators of extreme shock-pressures (>20 GPa) and
post-shock temperatures (~1700 °C) are the formation of the high-pressure polymorph
reidite (Glass and Liu 2001; Wittmann et al. 2006; Cavosie et al. 2015b; Erickson et al.
2017; Timms et al. 2017) and the decomposition of zircon to ZrO2 and SiO2 (Glass et al.

1990). The indicators of shock have been shown to persist in zircon even under high-grade
granulite metamorphic conditions (Reimold et al. 2002), ultrahigh temperature
metamorphic aureoles (Moser 1997), and erosional processes (Thomson et al. 2014).

Figure 1.4. Pressure-time diagram and shock microstructural progression for “hot
shock” zircons from near the centre (<15 km) of the Vredefort impact structure.
Modified from Davis (2016).
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In the case of baddeleyite, grains are much more sensitive to pressure perturbations acting
as a shock sensitive barometer and chronometer (White et al. 2018). Baddeleyite exhibits
a progressive transition to its high-pressure orthorhombic-ZrO2 phase above ~5 GPa
(Kudoh et al. 1986) and conversion into defect-rich nanocrystalline assemblages above >29
GPa (Darling et al. 2016). Transformation to the high-temperature tetragonal-ZrO2 (>1400

°C at ambient pressures) and cubic-ZrO2 (>2400 °C) polymorphs can also occur (Subbarao
et al. 1974). A return to ambient conditions will result in a reversion back to the stable
monoclinic structure. In these cases, however, unique crystallographic orientations
relationships (ORs) between monoclinic domains can be observed (Cayron et al. 2006). At

the nanometre scale, defects (e.g., vacancies and dislocations) generated by these
transformations are inferred to assist in the mobility of Fe and other trace elements into
discrete domains during heating (White et al. 2017a, b)

1.3. Planetary evolution background
1.3.1.

Early Earth

Our understanding of Earth’s earliest crustal evolution is limited by the absence of rock
records from the Hadean Eon (4.5-4.0 Ga). It has been argued that the inner solar system
was faced with an intense period of meteorite bombardment, known as the Late Heavy
Bombardment (LHB) (Wetherill 1975), given the heavily cratered surfaces of the Moon,

Mars, and Mercury that provide physical evidence for an elevated flux of impactors (Bottke
and Norman 2017). Impact melt ages in lunar meteorites have been used to infer that the
Moon was resurfaced by this bombardment epoch at ~3.9 Ga (Cohen et al. 2000), and thus
it is argued that Earth is to have experienced this same intense bombardment epoch ca.

500-600 million years after its accretion (Kring and Cohen 2002). However, if this
bombardment epoch existed, geologic activity on Earth has masked or destroyed much of
its early impact-cratered surface.

Rare ~4.4 Ga detrital zircons from the Jack Hills in Western Australia are the only
terrestrial materials known to have persisted through the hypothetical LHB epoch, and,
therefore, provide the only direct evidence of crustal conditions during the Hadean, i.e.,
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500 Ma of missing crustal records. For example, the distribution of 𝛿 18O values in Hadean
zircon matches that of younger Archean crust (4.0-2.5 Ga) indicative of crystallization
from protolith melts that were altered by interaction with low-temperature water near the
Earth’s surface (Mojzsis et al. 2001; Wilde et al. 2001; Valley et al. 2002). Furthermore,
the identification of 3.85-3.95 Ga overgrowths around older igneous cores in the ancient

Jack Hill zircons (Trail et al. 2007; Bell and Harrison 2013) showing up to 90% Pb-loss,
were interpreted as a possible artifact of impact-induced heating (Trail et al. 2007). This
attests to the likelihood that not only information of early crustal conditions, but also
records of the LHB may in fact be preserved in some of the oldest terrestrial zircons.

Conversely, zircons and the oldest known rocks, the Idiwhaa gneiss from the Acasta Gneiss
Complex in Canada’s Northwest Territories, show no evidence of the putative 3.9 Ga
global bombardment (Bowring and Williams 1999).

It is clear that the identification of zircon microstructures characteristic of shock using
modern electron and ion microscopy techniques will allow for ancient impact events during
the Hadean Eon to be more easily recognized and dated. Specifically, the emergence of
novel techniques, like APT, shows great promise for discovering new nanoscale features

indicative of shock metamorphism, that can assist in better recognizing relict bombarded
crust and be used to resolve the timing of post-impact thermal metamorphism (White et al.
2017a, b). Large, complex impact basins on Earth, such as the deeply eroded 2.020 Ga
Vredefort structure in South Africa (e.g., Moser 1997), are promising sites for identifying

such nanoscale features in zircon. The Vredefort dome, a ~90 km wide central uplift, best
exposed in the northwest sector of the crater, is comprised of an ~40 km wide core of
Mesoarchean crystalline basement ( ~ 3.5 Ga, Hart et al. 1981) having a pre-impact
metamorphic history marked by amphibolite to granulite facies metamorphism (~3.1 Ga;
Hart et al. 1999), and, after the Vredefort impact event ultra-high temperature, pyroxene
hornfels metamorphism at shallow depths as a consequence of the impact melt bodies
(Moser 1997). A microstructural progression for zircon related to impact basin formation
and degree of U–Pb age resetting has been reported in detail using electron beam analysis
(BSE, CL, EBSD) and high-precision SIMS providing a baseline for future analysis (Moser
et al. 2011).
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1.3.2.

Early Mars

The most prominent feature on the Martian surface is a crustal hemispheric dichotomy that
divides the ancient cratered southern highlands and younger plains to the north. A Ceres
sized impactor (~1,000 km diameter) was proposed to have struck the Martian surface
within the first 50 million years after accretion, ca. 4.55 Ga (Wilhelms and Squyres 1984;
Moser et al. 2019). The low shock levels in the oldest concordant zircons (ca. 4.47 Ga,
Bouvier et al. 2018) suggest these grains crystalized after a global melting of primary
ancient crust after the giant impact (Moser et al. 2019), falsifying an endogenous origin for

the dichotomy created by a 1 ° mantle overturn, which would require >100 Myr to
accumulate (Watters et al. 2007). The absence of shock perturbations in the oldest Martian
zircon and baddeleyite grains further supports a classic post accretion model (Abramov
and Mojzsis 2016) of peak bombardment, that is a monotonic decline of impact activity,

beginning at the time of planet accretion (Bottke and Andrews-Hanna 2017). However,
unlike the earliest terrestrial zircons, no evidence for a LHB has yet been recorded in the
ancient population of Martian zircons (Moser et al. 2019).

A first-order question that remains for the evolution of Mars crust is in regard to the nature
and timing of alteration processes that were active at the Martian surface over its >4.4 Ga
history (Udry et al. 2020). Martian meteorites (currently n = 277 individual stones) are the
only components of Mars crust available for study. These stones can be divided into five

subgroups based on their lithologies, which are the igneous shergottites, nakhlites,
chassignites, Alan Hills 84001, and a rare sample of Martian regolith, the Martian polymict
breccia (Fig. 5.1) comprised of the meteorites Northwest Africa (NWA) 7034, 7475, 7533,
7906, 7907, 8114, 8171, 8674, 10922, 11220, 11522, 11896, 11921, 12222, 13561, and

Rabt Sbayta 003, 010, 012 (Meteoritical Bulletin Database). The crystallization ages of
these Martian meteorites roughly span the age of the planet; however, most are limited to
the Amazonia epoch (<3.0 Ga; Udry et al. 2020 and reference therein), with Noachian (>4.0
Ga) lithologies only represented by the meteorite Alan Hills 84001 and by a population of
igneous clasts in the polymict breccia (e.g., Lapen et al. 2010; Bouvier et al. 2018). The
successful return of Martian rocks planned for collection and caching by the Mars 2020
Perseverance rover holds great promise for sampling more of the Martian surface. The
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development of a full suite of methods for extracting maximum information from the
smallest volumes of rare material is therefore invaluable and can be accomplished using
meteorites prior to sample return.

Figure 1.5. Schematic of internal components of the Martian polymict breccia
meteorites from Hewins et al. (2017). The areas of study for Chapters 3 and 4 are
indicated. Abbreviations: R – clast laden melt rock, S – spherule, B – microbasalt, N

– noritic clast, monzonitic clast, cc – crystal clast, Z – zoned pyroxene, sd –
sedimentary clast, O – orthopyroxene, A – augite, P – plagioclase, A-P – augite –
pigeonite, K – K feldspar.

The Martian polymict breccia meteorite NWA 7475 was selected for this study as it
represents a rare sample of surface regolith, most probably launched from the southern
highlands of Mars (Humayun 2013; Wittmann et al. 2015; Hewins et al. 2017). At the
present time, the collection of Martian polymict breccia meteorites most closely match the

chemical composition of crustal material on Mars (Agee et al. 2013), which is known to
have had prolonged interaction with the Martian hydrosphere and atmosphere (Davidson
et al. 2020 and references therein). As such, the Martian polymict breccia meteorites
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provide a unique opportunity to directly study bombardment histories and fluid flow events
active at discrete points at or near the Martian surface. The lithology of the breccia (Fig.
1.5) consists of a mosaic of igneous, sedimentary, and quenched-melt clasts set in a finegrained crystalline matrix (Wittmann et al. 2015; McCubbin et al. 2016; Hewins et al.
2017), interpreted collectively as a melt-rich breccia (Agee et al. 2013) likely resulting

from a high energy surge deposit created by an impact event of unknown location or
magnitude based on impactor melts found in some clasts (Humayun 2013). Lithic clasts
represent lithified portions of early Noachian regolith and are the hosts to accessory zircon
and baddeleyite (~4.47 Ga, Bouvier et al. 2018). These grains are the oldest materials dated

from Mars, and the oldest known planetary crust in the inner solar system. This ancient
crustal material was later deposited by atmospheric rainout subsequent to an impact
event(s) and lithified to form the regolith breccia at ~1.4 Ga (McCubbin et al. 2016), with
at least two intervals of hydrothermal fluid activity active as early as ~1.4 Ga (McCubbin
et al. 2016; Lindsay et al. 2021) and a subsequent event <225 Ma (Cassata et al. 2018;
Guitreau and Flahaut 2019).

1.4. Methodology
The gathering of spatial and chemical time information from minerals requires a suite of
integrated electron and ion microscopy techniques for interpreting the formation and
evolution of their parental planetary crusts (Figure 1.6). A representative portion of the

specimen can be analyzed by non-destructive surface techniques, such as SE, CL, EDS,
BSE, and EBSD, to identify target areas for APT based on trace element distributions and
orientation microstructure. High-resolution isotopic analyses (e.g., SII, SIMS, ToF-SIMS,
nano-SIMS) provides quantitative information valuable in assigning chemical identities
across the mass-spectrum and in the final interpretation of isotopic ratios. High-resolution
SEM-FIB imaging can also provide information of final specimen geometry which is
beneficial for the accurate 3-D reconstruction of the tip. Transmission kikuchi diffraction
(TKD) mapping of the final APT specimen offers crystallographic information that can be
directly compared to the reconstructed APT specimen aiding in the identification and
interpretation of nanostructures. This workflow of techniques, with the exception of TKD,
was used for the characterization of target zircon and baddeleyite throughout this thesis.
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Figure 1.6. Workflow of analytical electron, ion and atom microscopy techniques used
for the characterization of geologic samples. Images from Reddy et al. (2016).

Workflow modified from Reddy et al. (2020).

1.5. Experimental techniques
1.5.1.

Electron microscopy (SE, BSE, EDS, CL, EBSD)

Sample preparation and electron beam analyses of a polished mount of zircons from the
Vredefort impact structure (Chapter 2) and a polished thick section of the Martian polymict
breccia NWA 7475 (side a – Chapter 3; side b – Chapter 4) were carried out at the
University of Western Ontario’s Zircon and Accessory Phase Laboratory (ZAPLab) using
a Hitachi SU6600 field emission gun–scanning electron microscope (FEG–SEM). All
sections were polished using a VibroMet 2 vibratory polisher with a neutral alumina
polishing solution, which is required for successful EBSD analyses. All samples were then
coated with carbon (~25 nm) in an Edwards Auto 306 carbon coater to reduce charging
and beam drift in the SEM. The thickness of the carbon coat was roughly estimated based
on interference colours using a polished brass disk placed beside the sample (Reed 1995).
Once in the SEM, target zircon and baddeleyite grains in the Martian thick sections were
initially located and imaged using a combination of automated BSE imaging and energydispersive X-ray spectroscopy (EDS) within Oxford INCA’s Feature mapping routine
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(e.g., Moser et al. 2011). The location of each grain was saved and georeferenced for later
relocation and additional electron beam analyses. Running conditions for all electron beam
analyses follow those previously reported in Moser et al. (2019) and are outlined in
Appendix A.

1.5.1.1. Backscattered electron (BSE) and secondary electron (SE)
BSE imaging was carried out with a five-segment solid-state detector, using an accelerating
voltage of 15 kV to stimulate channeling contrast effects and highlight structural variations
within the crystal. This is possible as the atomic number of the elements in the sample will
control the elastic scattering of incident electrons upon interaction with the sample. This
will create a contrast difference between heavier elements having higher atomic numbers
and lighter elements. At the same time, inelastic interactions between incident electrons
and atoms in the sample will create weaker (less energetic) secondary electrons that are
measured by the detector and provide information on surface topography.

1.5.1.2. Energy-dispersive X-ray spectroscopy (EDS)
EDS was used as part of the feature mapping routine to determine elemental and chemical
information necessary to identify zircon and baddeleyite from the surrounding lithology.
EDS relies on the emission of characteristic X-rays corresponding to a given element
during interaction of the electron beam with the sample. Electrons in the inner orbital shell
of an atom that become exited during this interaction are released and replaced by electrons
from an outer shell. The energy difference is emitted as a characteristic X-ray (K𝛼, K𝛽,
L𝛼 radiation). For this work, EDS analyses were carried out with an Oxford X-mas 80 mm2
silicon drift detector using a 15 kV electron beam.

1.5.1.3. Colour cathodoluminescence (CL)
CL images were captured with a Gatan ChromaCL red-green-blue (RBG) plus ultraviolet
detector and Gatan Digital Micrograph software using a 10 kV electron beam. When the
sample is bombarded by high-energy electrons, electrons in the lower energy valance band
become excited and jump to the higher energy conductive band. Upon relaxation, the
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electrons may become momentarily ‘trapped’ by defects or impurities in the sample. The
energy lost during relaxation to the original band or from the defect state is emitted in the
wavelength range of the visible spectrum resulting in luminescence of the sample.
Differences in luminescence therefore provide information on trace elements
concentrations and structural defects in the sample.

1.5.1.4. Electron backscatter diffraction (EBSD)
Microstructural EBSD orientation data were captured with an Oxford Nordlys detector and
HKL’s Channel5 software to determine the crystallinity, lattice orientation microstructure,
and any phase-transition heritage. Tilting of a well-polished, crystalline sample in the SEM
chamber allows for backscattered electrons to diffract according to the geometry of lattice
planes and form recognizable patterns called Kikuchi bands. Electron Backscatter
Diffraction Patterns (EBSP) were then indexed using a minimum and maximum of 5 and
7 Kikuchi bands, respectively. To avoid the indexing of poor-quality EBSP, a value of 1
was set for the mean angular deviation (MAD) discriminator, above which data points were
assigned a zero solution. Post analysis noise reduction processing was not applied to any
of the data sets other than to apply an automated removal of wild spikes (i.e., and isolated
mis-indexed pixel). Throughout this thesis, microstructural data were portrayed in three
ways. Coloured inverse pole figure (IPF) maps were used to show the orientation of
crystallographic directions normal to the sample surface. Misorientation maps were used
to show local orientation changes relative to a single reference point, such as those caused
by distributed crystal-plastic or localized deformation on low-angle subgrain boundaries.
Lower hemisphere stereonet projections were used to represent the orientation
microstructure of individual crystallographic elements (e.g., c-axis or pole to (001)).

1.5.2.

Focused ion beam (FIB)

Site-specific APT sample liftout and specimen preparation is now a standard approach
utilizing a dual-beam FIB-SEM (Larson et al. 1999; Thompson et al. 2007; Miller and
Russell 2007). This method involves the deposition of a rectangular protective Pt layer
over the region of interest which is cut into a rectangular wedge using a gallium or plasma
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(Xe) ion source. The wedge is then removed from the sample using an in-situ gas injection
system and micromanipulator and cut into ~2 𝜇m wide segments that are mounted on presharpened silica posts. Each of the segments are then milled into needle–shaped specimens
using a series of annular mills with decreasing inner radii (<100 nm apex). A final low
voltage (<5 kV) milling step can be performed to remove the regions of material damaged
by gallium implantation (Thompson et al. 2006).
Microtip specimens of zircon and baddeleyite presented throughout this thesis were
prepared by gallium milling using either a FEI Helios or Nova FIB-SEM at CAMECA®
Instruments Inc. or a Zeiss NVision 40 FIB-SEM or Helios G4 PFIB (Xe+ plasma source)
at the Canadian Centre for Electron Microscopy (CCEM) at McMaster University.
Additional work on a reference terrestrial zircon (Bancroft, Ontario) was done in
collaboration with the Western Nanofabrication Facility to produce the first fabrication of
a set of APT specimens at the University of Western Ontario. These were used for training
at the CCEM McMaster facility. Technical notes on FIB liftout and arm mounting
procedures (TN-04 FIB XLO-ARM) and conventional FIB sharpening procedure for APT
(TN-02 FIB Sharpening) were supplied by CAMECA®. The results of this trial run were
not included in this thesis, however, serve as the first steps in the development of a
workflow to prepare APT specimens at UWO and analyze them using TKD at the ZAPLab
prior to sending them for APT externally. This workflow was to be used for the collection
of data in Chapter 4 of this thesis, however, lab restrictions during the COVID-19 pandemic
resulted in the preparation of APT specimens at CCEM.

1.5.3.

Atom probe tomography

Atom probe tomography (APT) is an analytical microscopy technique that provides
chemical sensitivity and three-dimensional spatial capabilities with near-atomic resolutions
(Gault et al. 2021). APT combines field evaporation with time-of-flight mass spectrometry
of evaporated atoms that are terminated on a position-sensitive detector and projected back

to the specimen apex to reconstruct the specimen through successive layers (Fig. 1.7).
Spatial resolution and detection limits for chemical analysis are intermediate between
secondary ion mass spectrometry (SIMS) and transmission electron microscopy (TEM),
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with sample sizes at the 100 nm-scale, individual ions located in three-dimensions, and
chemical sensitivity down to atomic parts per million (Gault et al. 2012; Larson et al. 2013).
These unique capabilities have led to a significant increase in the application of APT on
geologic materials as part of the typical microscopy workflow (Reddy et al. 2020 and
references therein), as it offers a way to study the chemistry and geochronology of samples

with volumes or microstructures too small to sample through conventional techniques.

Figure 1.7. Schematic of the Local Electrode Atom Probe (LEAP) with reflection
showing laser pulse mode.
Developed from the early work on field emission microscopy by E. W. Müller in the mid
1930s, APT works through the field evaporation of surface atoms and molecules from the
tip of needle-shaped specimens (20-100 nm at the apex) induced by an electric field (Larson

et al. 2013). The field evaporation of atoms on the specimen surface, which is held close
to the field required to ionize atoms from the surface (20-50 V/nm, Saxey et al. 2017), is
controlled by two parameters: electric field and temperature. For the former, voltage pulses
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can briefly reduce the energy barrier required to evaporate surface atoms (e.g., voltage
pulse mode). For the later, an increase in temperature delivered to the apex of the specimen
by an ultra-violet laser pulse (e.g., laser pulse mode) provides additional thermal energy
needed for atoms or molecules to ‘hop’ over the energy barrier for field evaporation (Gault
et al. 2012). Following evaporation and ionization by the electric field, ions are accelerated

toward a position sensitive detector where the hit position (X, Y) and timing of each ion
impact is recorded. As the acquisition progresses, the flux of ions at the detector (i.e.,
detection rate) is measured and the electric field (i.e., field evaporation) is kept at the
threshold level by adjusting the applied voltage on the specimen. This relation between the

electric field (E) and voltage (V) can be expressed as:
𝑉

𝐸 = 𝑘𝑅

[1.9]

where R is the radius of the specimen, and k is a geometrical field reduction factor constant
(Gomer 1961; Loi et al. 2013). It can be seen that an increase in tip radius as the specimen
is evaporated will result in a decrease in the electric field, with an increase in the applied
voltage necessary to maintain field evaporation at the targeted detection rate.
Analysis parameters associated with the acquisition, reconstruction, and data analysis
(IVAS software) of zircon and baddeleyite are actively being explored in the field. This
includes the optimization of acquisition parameters for data collection from standards (e.g.,

La Fontaine et al. 2017; Reinhard et al. 2017; Saxey et al. 2017) and the detection and
quantification limits of key trace elements and isotopes (e.g., Blum et al. 2017b; La
Fontaine et al. 2017; Reinhard et al. 2017). In the following sections, a breakdown of the
major stages of APT acquisition, reconstruction, and data analysis using IVASTM software

are included to highlight the influence of various parameters on the yield and quality of
APT data.

1.5.3.1. APT acquisition parameters
APT analyses were performed on a LEAP 5000 XRTM at CAMECA® and a LEAP 4000X
HRTM at CCEM, both equipped with a reflectron flight path and in laser pulsing mode. The
main adjustable acquisition parameters using a laser-assisted LEAP are laser pule energy
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(pJ), laser pulse frequency (i.e., repetition rate, kHz), detection rate (i.e., rate of
evaporation, ions/pulse), and base temperature (K). The typical ranges of each variable for
zircon and baddeleyite (Reddy et al. 2020) and the trade-offs adjusting each parameter
(Larson et al. 2013) are provided in Appendix B and briefly summarized below. Voltage
and the laser pulse have control on the evaporation rate by raising the electric field and

temperature, respectively. Given that the evaporation field required to evaporate ions from
the specimen surface is temperature dependent, an increase in the laser pulse energy during
the laser pulsed acquisition will lower the required applied field, and therefore stress on
the specimen. This will result in an improvement in analysis yield (Larson et al. 2013). An

increase in laser pulse energy may have a positive impact on spectral quality provided that
no negative effects are degrading the spatial resolution (e.g., surface migration, complex
ion generation, nonuniform evaporation). In laser pulse mode, the base temperature has an
effect on the mass resolving power (MRP) as the lowest base temperature will result in

maximum heat flow rates out of the tip apex. Likewise, a lower base temperature can
minimize the mobility of residual gas on the analysis chamber and reduce spectral
background (Larson et al. 2013). Higher values for laser pulse frequency are preferred;
however, should be lowered if the time-of-flight (ToF) for heavier ions is longer than the
time window between laser pulses creating an overlap with lighter ions. The detection rate
is limited to the mechanical strength of the specimen as a higher rate will result in an
increase in the electric field. Changes in composition or structure of the specimen may also
produce fluctuations in the evaporation field requiring an increase in voltage to maintain
the target detection rate which could possible lower the specimen yield.

1.5.3.2. APT reconstruction
At the end of the acquisition, a three-dimensional representation of the sample volume is
constructed by converting the hit positions (X- and Y-coordinates) on the position-sensitive
detector to real-space coordinates (X, Y and Z). The lateral X- and Y-positions of atoms
on the tip surface are determined using a reverse-projection model to trace the ion flight
paths from the location of ion impacts on the detector back to the specimen surface. The
depth (Z-coordinate) is determined by the reverse sequence of evaporation of each ion. An
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increment in depth is calculated for each detected atom, which corresponds to the atomic
volume distributed uniformly over the surface of the tip.
When evaluating the quality of a reconstruction, it is important to consider any
discrepancies that may arise between the original structure and the reconstructed data. The
reconstruction procedure assumes that field evaporation occurs homogeneously across the
apex of the tip and therefore does not account for local modification of the evaporation
sequence or variations in the spherical curvature of the tip. In heterogeneous material, local
magnification effects can occur due to different field evaporation properties of different
phases. The evaporation rate of the specimen surface varies depending on the evaporation
field of each element, which can lead to ions hitting the detector at different rates and result
in heterogeneities in the density of hits on the detector (e.g., Dubosq et al. 2020). A lowfield precipitate will result in a flattening of the specimen surface, resulting in a lower field

region that deflect the ion trajectories inwards. The opposite is true in the case of a highfelid precipitate that will result in an increase in the local curvature of the specimen,
resulting in a higher field region that repels the ion trajectories outwards. These low- and
high-field regions will cause an apparent increase and decrease in the density of hits,

respectively. The difficulty in correcting such artefacts during reconstruction stresses the
importance of optimizing acquisition parameters to help ensure a controlled and uniform
evaporation across the entire specimen surface. Once identified, careful consideration of
reconstruction parameters (e.g., using an SEM image of the tip to determine the initial

radius and tip profile evolution), as well as information on the composition and internal
structure of the material should be used during the reconstruction stages to ensure accuracy
depending on the question at hand.

1.5.3.3. Time-of-flight mass spectrometry
The chemical identity of evaporated surface ions is measured through standard time-offlight mass spectrometry. The time required (t) to travel the distance (D) from sample

surface to the detector following the voltage or laser pulse is used calculate the mass-tocharge ratio (m/n) of each ion by equating the kinetic and potential energies:
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1

𝑚𝑣 2 = 𝑛𝑒𝑉 and 𝑣 =
2

𝑑
𝑡

→

𝑚
𝑛

2𝑒𝑉

= ( 𝐷2 ) × 𝑡 2

[1.10]

where m is mass of the ion, v is the speed, n is the unit charge of the ion, e is the elementary
charge of an electron, and V is the applied acceleration voltage. The distribution of massto-charge ratios of collected ions are represented as a histogram or “mass spectrum” (Fig.
1.8) with peaks representing specific elemental or molecular species at different charge
states (e.g., +1, +2, +3). The quality of the mass spectrum (e.g., the ability to discriminate
individual peaks) is measured by the mass resolving power (MRP):
𝑚

𝑀𝑅𝑃 = 𝛥𝑚

[1.11]

where m is the mass-to-charge value and 𝛥m is the width of the mass peak at half of its
maximum value (e.g., full-width half-maximum). MRP values of 1000-1200 are close to
the highest obtained using a LEAP 4000XRTM (i.e., having a reflection in the flight path)
and provide a sufficient means to correctly identify unambiguous peaks having no
significant isobaric interference or overlaps.
The correct identification of peaks on mass spectra requires knowledge of the composition
of the analyzed material and identification of isotopic patterns at well-defined positions
(Reinhard et al. 2017). Ion identities are defined by the user using “ranges” set around the
entirety (or same fraction) of every peak. The number of ions within each peak were
measured by quantifying the local background and subtracting it from the total ranged
counts. Typically, detection capabilities for good quality data are ≥10 ppma for individual
ranged peaks on mass spectra; however, uncertainties in the precision are limited to
background counting statistics. Uncertainties not accounted for are those due to choices of
ion identification, peak shapes, peak overlaps (e.g., large thermal tails or isobaric
interferences), and range boundaries selected by the user. At the present, there is no
standard protocol with which to set range widths and represents an area actively being
explored in the field (e.g., Blum et al. 2017b; Vurpillot et al. 2019). Optimization of

acquisition parameters for a given material are therefore essential in helping improve peak
identification and quantification, such as reducing large thermal tails that may result in
convolution of the mass spectrum.
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Figure 1.8. APT reconstruction and mass spectrum of a specimen of zircon. Atom
locations in the reconstruction are shown as points coloured to match their chemical

identities in the mass spectrum (Saxey et al. 2017).

1.5.3.4. Accuracy and precision of elemental and isotopic APT
measurements
As outlined above, peak ranging is a major challenge in quantifying the composition of an
analyzed material with a high degree of confidence. The largest peaks for elemental and
molecular species of O, Zr, and Si in zircon and O and Zr in baddeleyite are typically easily
identified and represent a large fraction of the total collected ionic counts (Reinhard et al.
2017). Yet, deviation (a few at.%) from the expected stoichiometry are common, most
probably due to some occurrences of peak tail overlaps of complex Si, Zr and O molecules
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(e.g., SiO+ and Zr2+) that require a choice between species while ranging. Other potential
reasons include variation in stoichiometric values due to high concentrations of impurities
in the lattice needed to maintain charge neutrality (Reinhard et al. 2017), or the loss of ion
counts due dissociation processes (Saxey 2011) or multiple ion hits of the detector (Da
Costa et al. 2012).
Smaller peaks in mass spectra that are closer to back-ground-level concentrations or
obscured by a larger neighbouring peak will increase the difficulty for confidently
measuring their concentration. Therefore, it is important that the measured compositions
for each elemental species be classified by the user based on the confidence level of the
identification. The classification scheme used in this thesis follows the protocol of
Reinhard et al. (2017), which assigns each element a confidence level A, B, or C. Level A
elements are confidently identified based on their peak positions and isotopic patterns.

Level B elements are small peaks that may be obscured by neighbouring peaks (e.g., due
to large thermal tails) or high background levels, yet some confidence in their identification
exists as no alternative elements overlap their peak position. When there is no clear way to
distinguish between two elements with the same peak positions, a confidence level C is

assigned. In such as case, isotopic pattern can be used to estimate the contribution of each
species to the total counts for that peak. In addition, the detection limits for a given peak,
defined as the minimum counts that can be detected above background levels at a 95%
confidence level, can be used to better constrain the reliability of the measured composition

(Currie 1968).

1.6. Thesis outline
This thesis is presented in five chapters. Chapter 2 has been published in Contributions to
Mineralogy and Petrology (175:59), while Chapters 3-4 have been written in the form of
manuscripts for publication. A brief description of each chapter is highlighted below:
Chapter 1: Introduction
This chapter outlines the motivation of the thesis providing background information on the
materials, methodology and techniques used.
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Chapter 2: Impact-triggered nanoscale Pb clustering and Pb loss domains in Archean
zircon
In this chapter, spatially correlated atom probe tomography and electron microscopy of
two shock metamorphosed zircon grains from the Vredefort impact structure were
combined with previous SIMS U-Pb isotope analyses to better understand Pb mobility
under high-temperature shock metamorphic environments in the floor of an impact basin.
The results serve as an important characterization of the nanoscale features and Pb
movement pathways in such crater environments. A method for dating the interval between
crystal growth and shock metamorphism was established using Pb nanoclusters, and the
prospect of ultra-fast diffusion pathways was demonstrated in melt-infiltrated
microdomains of the zircon. This information can be used to test for peak period(s) of
shock-induced thermal metamorphism of planetary crusts by bombardment processes.
Chapter 3: Ancient and recent episodes of fluid alteration of Mars crust preserved in
nanodomains of earliest zircon and baddeleyite
The primary compositions of unaltered, early Mars baddeleyite and zircon from the

Martian NWA 7475 polymict breccia meteorite were measured by APT. The chronology,
chemistry and processes which produced different generations of fluid-relate alteration
domains in annealed crystalline zircon, metamict zircon, and on narrow zircon reaction
rims around baddeleyite are interpreted through spatially correlated atom probe
tomography (APT) and electron microscopy. The domains are attributed to different
episodes, and processes, of fluid-related alteration of the Martian crust before and after
breccia lithification at 1.4 Ga. Additional evidence for Cl-bearing fluids indicates an
interaction with low-temperature brines at the Martian surface sometime after the breccia
was lithified at 1.4 Ga. This work provides new information on the chemical and relative
timing of fluid flow events at discrete points in Martian crustal evolution.
Chapter 4: Microstructural geochronology of Martian metamorphic zircon in a melt
breccia clast from meteorite Northwest Africa (NWA) 7475
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This chapter presents a detailed look at the mineral texture, microstructure, and chemical
composition of an igneous baddeleyite from the earliest of Mars, sampled from a meltladen clast re-deposited within polymict breccia NWA 747, that exhibits multiple
generations of microstructural and chemical alteration. Results provide insight on the
polycyclic history of secondary high temperature processes on the ancient Martian surface

prior to the amalgamation of the breccia at 1.4 Ga. The multiple stages of re-working of
the baddeleyite, and the baddeleyite-zircon assemblage in the Martian crust shows
similarities to textures and histories of ‘impact gardening’ seen in lunar returned samples.
This work shows the benefits of using APT along with other convention microscopy

techniques to resolve a more detailed chronology of secondary processes on early Mars
from meteorites and future returned samples.
Chapter 5: Conclusion
This chapter provides a brief summary of the main results of each chapter and the
direction of future work.
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Chapter 2

2

Impact-triggered nanoscale Pb clustering and Pb loss
domains in Archean zircon

2.1. Introduction
Improving the accuracy of solar system impact history is a widely shared goal among
planetary scientists and workers reconstructing the initial conditions of early crustal
evolution and pathways to habitability. As one of the most resistant and refractory mineral
chronometers, zircon has become an attractive tool for recovering impact history. Over the
last decade, microstructural research has focused on understanding the reaction of zircon
to extreme shock and thermal conditions for the dating of such events; however, when
sampled at micrometre length–scales, discordant U–Pb isotope ages are often reported
(e.g., Moser et al. 2011; Thiessen et al. 2018) which are difficult to interpret, particularly
for out–of–context samples such as meteorites or crystal clasts in impactites from sample
returns (e.g., Crow et al. 2017). Advances in sub–micrometre analyses show potential for
resolving these challenges (see examples below) and present an alternative method for
recognizing and dating impact-related metamorphism that can be applied to a wide range
of planetary zircons.
Atom probe tomography (APT) is an analytical technique which is a useful component of
the suite of correlative microscopy tools as it provides three-dimensional spatial, chemical,
and isotopic information with sub-micrometre resolution (Gault et al. 2012).

For

geological materials, interpretation of APT is most effective in combination with higher
precision isotopic measurements such as SIMS, and techniques for determining orientation
and chemical microstructure, such as electron backscatter diffraction (EBSD),
cathodoluminescence (CL), and transmission kikuchi diffraction (TKD). Together, the
capabilities of these methods have led to the rapid development of nanoscale geochemistry
and hold great potential for gathering accurate chronological information from complex
microminerals.
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Over the last decade, developments in atom probe instrumentation, sample preparation and
data reconstruction have sparked a rising interest amongst the geoscience community (e.g.,
Reddy et al 2020 and references therein). The application of APT to geological problems
was highlighted early on by Valley et al. (2014, 2015) who confirmed the concordant age
of one of Earth’s oldest zircons through the direct U–Pb dating of nanoscale domains.
Specifically, the tomography data revealed the local diffusion of radiogenic Pb into
amorphous domains or “nanoclusters” and was presumed related to alpha-recoil damage
and periods of elevated thermal activity. When plotted on a U–Pb Concordia diagram,
calculated Pb–Pb ratios from within these Pb–rich nanoclusters defined a slope with upper
and lower intercepts corresponding to the timing of zircon crystallization and the clustering
of radiogenic Pb during a 3400 Ma reheating event, respectively. Subsequent work on
other tectonically metamorphosed zircon samples has shown a segregation of radiogenic
Pb into metallic nanospheres and/or dislocation loops during the annealing of radiation
damage (Kusiak et al. 2015; Peterman et al. 2016; Lyon et al. 2019).
A second major application of APT studies has been to understand the enhanced migration
of trace elements observed in metamict and shock metamorphosed microminerals. The
results of Piazolo et al. (2016) showed the strong influence of mineral defects in controlling
the migration of U, Pb and other trace elements in a tectonic setting. Likewise, a study of
shock metamorphosed detrital zircon linked nanoclustering of trace elements (e.g., Y, Al)
with impact–driven phase change to reidite over geologically–instantaneously timescales
(Reddy et al. 2016). For the mineral baddeleyite, it was shown that Pb, U and other trace
elements (e.g., Si, Mg, Fe) migrated in response to the Sudbury impact event such that it
was possible to isolate accurate U–Pb ages from impact–induced nanodomains (White et
al. 2017); however, Pb mobility in shocked zircon remains to be similarly analysed. Here,
we document the Pb mobility history of two shocked zircon grains from near the centre of
Earth’s largest and second oldest known impact site, the Vredefort structure in South
Africa, and interpret U-Pb systematics of shock metamorphism using prior SIMS and
electron beam measurements (Moser et al. 2011) combined with U–Pb microstructural
geochronology by APT.
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2.2. Geologic context and sample description
The deeply eroded Vredefort dome is the remnant of a 2.020 Ga complex impact crater
located within the Witwatersrand basin in the eastern Kaapvaal craton, South Africa (e.g.,
Spray et al. 1995; Kamo et al. 1996; Moser 1997). The ~90 km wide central uplift, best
exposed in the northwest sector of the crater, is comprised of a ~40 km wide core of
Mesoarchean crystalline basement unconformably overlain by an erosionally resistant
outer collar of Neoarchean strata (Witwatersrand supergroup) which now lie in a nearly
vertical orientation because of post–impact rebound (e.g., Hart et al. 1990; Therriault et al.
1997; Tredoux et al. 1999). Revealed is a unique exposure through Archean crust with
increasingly higher paleopressures over a geographic distance of ~36 km (e.g., Hart 1981;
Gibson and Reimold 2005). Within 10 km of the centre, the geology is comprised of
interlayered tonalitic gneisses, metamafic gneisses, and metasupracrustal units, within the
dominant lithology of metagranodioritic gneiss which has been referred to as the Inlandsee
Leucogranofels Gneiss domain (ILG). These granulite facies assemblages are
characteristic of lower crustal material of the Kaapvaal craton (~3.5 Ga, Hart et al. 1981)
that were exposed to ultra-high temperature, pyroxene hornfels metamorphism at shallow
depths immediately following the impact event (Moser, 1997).
Two shocked zircons, V09–237–G4 and V09–232–G9 (referred to hereafter as G4 and G9)
were selected for this study, having previously been analysed in detail by Moser et al.
(2011) using electron beam analysis (cathodoluminescence, CL; electron backscatter
diffraction, EBSD) integrated with U-Pb isotopic measurements by SIMS (secondary ion
mass spectrometry).

Zircon G4 was isolated from a medium–grained sample of

Mesoarchean ILG located ~4 km from the centre of the central uplift. The grain is typical
of the main zircon population, exhibiting a translucent diaphaneity, pink colour, and longprismatic, euhedral form. CL imaging revealed pre-impact, oscillatory dark and light
planar growth zoning in a sector-zoned rim, with CL intensity reflecting variations in U
and rare earth element (REE) concentration (Fig. 2.1a). Lattice misorientations
documented by EBSD texture mapping showed several degrees of plastic strain associated
with a range of microstructures, including crystallographically controlled planar features,
microtwin lamellae, and cross-cutting curviplanar fractures, now annealed and decorated
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with impact–generated veinlets of mineral glass (Fig. 2.1b). Published SIMS data for three
spots closest to the grain core defined a discordia line showing (1) an increase in impact–
induced Pb–loss away from the core of the grain, and (2) a lower intercept in agreement
with the 2.020 ± 3 Ga age of impact, determined by comparing isotope dilution – thermal
ionization mass spectrometry (ID-TIMS) analyses of single, granular monazite grains from
a nearby sample of ILG gneiss with those of unshocked zircon from a cross-cutting
gabbronorite dyke (Moser 1997). When anchored at 2.020 Ga, the discordia line for the
SIMS data yields an upper Concordia intercept of 3471 ± 61 Ma. The partial (up to 80%)
loss of radiogenic Pb due to impact (i.e., scatter along the discordia line) was inferred by
Moser et al. (2011) to be controlled by a combination of accelerated diffusion along shock
microstructures in an environment of protracted impact-related heating. Preliminary APT
images of Pb clustering in G4 were presented in the supplementary information of Moser
et al (2019) as a geological comparator for zircon from early Mars.
Zircon G9 is a shocked and partially re–crystallized xenocryst from a sample of a ~20 m
wide impact–age gabbronorite dyke complex (Cupelli et al. 2014) that crosscuts the ILG,
metres from the sample that yielded zircon G4. Intense post–impact heating of the zircon
G9 xenocryst by the enveloping gabbronorite impact melt resulted in recrystallization of
one part of the grain through the growth of an impact–age neoblast (Moser et al. 2011).
Unlike zircon G4, CL imaging did not reveal primary, pre-impact compositional zoning
within the original grain, but rather showed complexly mottled, ~10 micrometre domains
of bright and dark luminescence. The unshocked neoblasts, however, exhibit sharp planar,
concentric banding. Adjacent to the neoblast margin is a fan-shaped pattern of
discontinuous and wavy CL zones emanating over tens of micrometres (Fig. 2.1d). This
CL textural domain does not correspond to any significant lattice misorientation indicating
that the CL (REE) zoning is not a product of grain boundary migration within the original
crystal. Two U–Pb SIMS measurements of the main, shock-metamorphosed component of
G9, one of which was from the fan-shaped CL pattern, yielded U–Pb ages within error of
an analysis of the unshocked neoblast and the 2.020 Ga age of impact. Taken together,
grain G9 was interpreted to have experienced pervasive, 100% Pb loss due the combination
of shock metamorphism of the parent rock and heating during incorporation as a xenocryst
in the gabbronorite (Moser et al. 2011).

Here we integrate detailed spatial and
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compositional analyses of APT data for G4 and G9 with SIMS and electron beam data to
investigate impact-related Pb-mobility at nanoscale in two well-characterized shock
metamorphic settings within Archean crust.

Figure 2.1. Electron beam data for zircons V09–237–G4 (a–c) and V09–232–G9 (d–
f). (a) CL image and (b) EBSD texture map showing a concentric and oscillatory
zoned igneous core surrounded by a sector–zoned metamorphic rim; both crosscut
by a range of shock microstructures associated with up to 8° of angular
misorientation. White box in (a) and (b) corresponding to the APT liftout with
microtip locations marked in (c); red circles—tips with clusters; blue circles—
homogeneous tips. (d) SE image and (e) EBSD IPF map of foliated norite xenocryst
and impact–age crystallite. (e) CL image showing a fan-shaped pattern of
discontinuous and wavy CL zones emanating over tens of micrometres away from a
recrystallized impact–age crystallite. Location of microtip N16 marked as a blue
circle in the dark zircon core. Measured SHRIMP Pb–Pb model ages shown in green
(a) and (d) exemplifying partial and complete impact-induced Pb-loss, respectively
(Moser et al. 2011).
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2.3. Methods
Microtip specimens from zircon G4 and G9 were prepared by gallium focused ion beam
(FIB) milling at CAMECA® Instruments Inc., in Madison, Wisconsin, and the Canadian
Centre for Electron Microscopy (CCEM) at McMaster University, in Hamilton, Ontario,
respectively. A rectangular liftout was extracted from the polished surface of each zircon
following standard liftout and mount procedures (e.g., Larson et al. 1999; Miller and Russel
2007; Thompson et al. 2007) and milled into multiple needle–shaped microtips using a
series of annular mills with decreasing inner radii. A final low voltage (<5 kV) milling
step was performed to remove the regions of material damaged by gallium implantation
(Thompson et al. 2006).
APT analyses were conducted on a LEAP 5000 XRTM (CAMECA) and LEAP 4000X
HRTM (CCEM), both equipped with a reflectron flight path and laser pulsing capability.
Field evaporation of each specimen was induced under ultrahigh vacuum by applying a
high electric potential (4-12 kV) at cryogenic conditions (~30–60 K) to the apex of the
specimen. In laser pulse mode, evaporation, and ionization of atoms on the specimen
surface was promoted by an ultraviolet laser (355 nm wavelength) with pulse energies and
frequencies that varied between ~100–250 pJ and ~150–200 kHz, respectively. Details of
acquisition parameters are given in Appendix B. These conditions follow the acquisition
parameters for the mineral zircon outlined by La Fontaine et al. (2017) and Saxey et al.
(2017) for generating a good specimen yield with a good mass resolving power and limited
thermal tails.
With APT, both chemical and spatial information can be obtained as ion flight paths are
terminated on a position–sensitive detector.

For the former, time–of–flight mass

spectrometry yields a mass–to–charge ratio of ions by measuring their timing from field
evaporation to detection and equating it to their theoretically acquired kinetic energy. For
the latter, ions are projected from the position–sensitive detector back to the specimen apex
reconstructing the specimen through successive layers. Complete details on data
acquisition and reconstruction with the local electrode atom probe are described elsewhere
(e.g., Larson et al. 2013).
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For this study, eleven microtip specimens with final dimensions of ~50–100 nm at the apex
and lengths of up to 1500 nm oriented normal to the polished surface (parallel to z–axis in
EBSD data sets) were analysed, yielding a range in sample measurement size from
~9.0x106–3.9x107 ions. Details on spatial reconstruction parameters are given in Appendix
B. Compositions were measured using a characteristic mass spectrum produced for each
data set (Appendices C and D). For each spectrum, a mass resolving power of ~1000
(m/Δm, FWHM) was measured at the 16O+ peak. Typically, MRP values of ~1000-1200
are close to the highest obtained using a LEAP 4000X HRTM and provide a sufficient means
to correctly identify an ambiguous peak having no significant overlaps (Saxey et al. 2017).
Peak ranging of the mass spectrum was conducted by comparing individual mass peaks to
the local background. The minimum detection limit is ~10 ppma (parts per million of
atoms) per peak; however, this is largely dependent on the position of the peak and the
local background counts (Larson et al. 2013).
Data analysis and ranging of mass spectra were conducted using the CAMECA IVASTM
3.6.12 software. For each microtip dataset, corrected ionic counts of U, Pb and other trace
elements were calculated through the subtraction of background counts from the raw ionic
counts. Background counts were measured using the local range–assisted background
model in IVAS (Oltman et al. 2009). U and Pb species were identified within each
spectrum using the BR266 zircon standard as reference (Reinhard et al. 2017). Total counts
of

238U

were measured for each data set at the 135 Da (238U16O22+), 127 Da (238U16O2+),

84.66 Da (238U16O3+), and 79 (238U3+) charge states. Total

206Pb

concentrations were

quantified at the 103 Da (Pb2+) charge state. It is noted here that there is as yet no standard
protocol with which to set range widths, and this is a source of variation that is actively
being explored in the field (e.g., Hudson et al. 2011; Blum et al. 2017; Exertier et al. 2018).
To ensure reproducible counts of U and Pb between mass spectra, the range bounds in this
work were positioned around the centre of each peak; set to sample a total width of 0.3 Da
around the 238U16O2 peak, and 0.2 Da of the smaller U–bearing and Pb peaks. In all cases,
this protocol allows for the entirety of each peak to be ranged from baseline to baseline.
For individual mass spectra, background levels across each peak position were used to
calculate the detection limits for each species using a 95% confidence level (Currie 1968).
Only peaks yielding counts above this detection limit were used to calculate the U–Pb
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ratios for each data set (Appendix C). The calculation of absolute raw and background
counting statistic errors (√counts) were used to estimate the uncertainty on the
background–corrected peaks, and subsequently the uncertainty on U–Pb and Pb–Pb ratios,
as outlined in detail by White et al. (2017).
Pb–rich domains within microtips (nanoclusters) were analysed within a 30x30x30 nm
cubic region of interest positioned around the centre of each ~10 nm nanocluster. Massto-charge spectra generated for each region of interest were evaluated at a bin size of 0.03
Da to yield broad, well–defined peaks at

206Pb2+

and

207Pb2+.

To ensure a uniform

comparison of 207Pb/206Pb between mass spectra, the range bounds were set to sample the
entirety of the smallest peak closest to background (e.g., 207Pb), and the same range width
was set around the centre of the larger peak (e.g., 206Pb). This protocol allows for counts
of both Pb species to be quantified more conservatively and avoid the over– or
underestimation of counts in situations where thermal tails or elevated background noise
inhibit ranging the entirety of each peak. With 207Pb measured in this way, the boundaries
of each Pb–rich nanocluster were refined using a 0.2 atoms/nm3 207Pb density isosurface.
The isolation of these regions of increased Pb concentration relative to the matrix resulted
in a greater signal–to–noise ratio of the Pb peaks within each cluster (Appendix D).
However, unlike the full–volume microtip analyses, the background contribution to the
206Pb

and

207Pb

uncertainty are much lower in the clustered ROI, and the mass spectrum

background was assumed to be constant across the two Pb peaks.

2.4. Results
APT analyses were performed on two grains; G4, separated from a Mesoarchean gneiss,
exhibits several types of discrete shock metamorphic deformation features, and the G9
xenocryst from a gabbronoritic impact melt partly recrystallized as shock-free neoblasts
(granules) of impact age (see above) (Fig. 2.1). A total of ten microtips were analysed from
G4, located between 5-40 µm away from the nearest grain edge and ~ 30 µm from a SIMS
spot that yielded a highly discordant SIMS

206Pb/238U

date of 2470 ± 30 Ma (Spot 4.4,

Moser et al. 2011). For G9, one microtip was analysed from a fan-shaped CL zoning
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domain, ~25 µm from a zone of impact-age neoblasts, in an area which had yielded a SIMS
U-Pb 206Pb/238U date of 2004 ± 28 (Spot 9.1, Moser et al. 2011).

2.4.1. Shocked zircon grain V09–237–G4
The ten microtips from G4 were fabricated from a ~30 µm long FIB liftout in an area of
intersecting, shock–related planar deformation bands known to have accommodated
rotations of up to 8° over several micrometres (Moser et al. 2011) (Fig. 2.1b). A network
of cross-cutting, annealed, curviplanar fractures in the liftout area host veinlets of shockgenerated alkali aluminosilicate glass. The fracture walls exhibit signs of trace element
alteration expressed as bright CL margins, several micrometres wide, overprinting the
primary CL zoning (Fig. 2.1c). Eight of the microtips have a homogeneous distribution of
U and Pb isotopes, whereas two microtips exhibit ~10 nm clusters enriched in Pb and Al
ions without a corresponding enrichment in U (Fig. 2.2). Owing to detection limits,
206Pb/238U

ratios were measured by combining APT data from the same grain featuring a)

homogeneous U and Pb isotope distributions and b) Pb clusters.

This approach is

acceptable because 206Pb/238U ratios from tips in the same category are within error at 2σ
(Table 2.1). Concatenated data were then used to measure ‘bulk’ 206Pb/238U compositions.
These results are described below as ‘full–volume’ analyses. In the cases where microtips
exhibit Pb and Al clusters, we report ‘sub–microtip’ analyses focused first on the U-Pb
composition of the matrix to the nanoclusters and then on the Pb isotopic composition of
the nanoclusters themselves. In all cases, APT isotopic ratios are reported here at 1σ
counting statistic uncertainty unless stated otherwise, i.e. for calculated weighted averages,
and all calculated U-Pb dates are reported at 2σ (Table 2.1).

2.4.1.1. Full–volume microtip analyses
The number of ions detected for each of the ten atom probe microtip analyses ranged from
9 to 98 million background–corrected ions. Approximate microtip locations in the source
grain are shown in Figure 2.1c. For all data sets, the atoms of the major elements of zircon
(Zr, Si and O) were homogeneously distributed across the entire volume of the APT
specimens forming ~99% of the bulk composition, along with minor quantities of Al, Li,
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P, Pb, Th, U and Yb. Impurities of Dy, Er, and Tm are also likely present; however, based
on the possibility of isobaric interferences from other major species, are characterized with
the poorest, i.e., ‘level three’, level of confidence (Reinhard et al. 2017). The concatenated
bulk compositions for homogeneous microtips along with an exemplar atom probe mass
spectrum are provided in Appendices C and D.

Figure 2.2. APT atom maps of (a) an exemplar homogeneous microtip, and (b) tip
with Pb–rich and Al–rich clusters. (c) APT sub–volume reconstruction and
corresponding 1D concentration profile for a Pb–rich nanocluster isolated from (b).
The cluster was defined using a 0.2 atoms/nm3 207Pb density isosurface (Appendix D).

51

Table 2.1. APT full–volume U–Pb data and published SIMS analyses.
Sample

206

Pb 1σ

238

U

1σ

206

Pb/238U

1σ

Pb/238U
Date (Ma)

2σ

206

Zircon V09–237–G4
Tip with Pb–rich clusters
(T17)

3380

345

7279

572

0.464

0.060

2457

635

Tip with Pb–rich clusters
(T12)

1671

246

3605

363

0.464

0.083

2457

879

†Tips with Pb–rich clusters
(n = 2)

5201

460

11187

761

0.465

0.052

2462

551

-

-

-

-

0.4669

0.0028

2470

30

Tips with Pb–rich
clusters removed (n = 2)

4140

493

11187

761

0.370

0.051

2029

559

Homogeneous tip (T22)

983

181

2756

284

0.357

0.075

1968

827

Homogeneous tip (T20)

708

161

1948

237

0.363

0.094

1996

1034

Homogeneous tip (T18)

706

141

1940

200

0.364

0.082

2001

902

Homogeneous tip (T15)

716

158

1911

234

0.375

0.095

2053

1040

Homogeneous tip (T14)

242

90

622

140

0.389

0.169

2118

1840

Homogeneous tip (T13)*

-

-

-

-

-

-

-

-

Homogeneous tip (T4)*

-

-

789

147

-

-

-

-

Homogeneous tip (T3)*

-

-

-

-

-

-

-

-

2783

371

7524

585

0.370

0.057

2029

625

1081

162

2968

265

0.364

0.063

2001

693

-

-

-

-

0.3647

0.0025

2004

28

SIMS spot 4.4
(Moser et al. 2011)

†Homogeneous tips (n = 5)
Zircon V09–232–G9
†Homogeneous Tip (n = 1)
SIMS spot 9.1
(Moser et al. 2011)

Isotopic uncertainties (1s) were calculated through propagation of absolute raw and background counting
statistics errors and extrapolated in quadrature to yield an estimated error for the final 206Pb/238U ratio
(White et al. 2017). Final 206Pb/238U dates were calculated through isoplot with uncertainties representing
2s. † Concatenated datasets using the CAMECA IVASTM 3.6.12 software. * Counts of Pb and U are below
critical level (Currie 1968).
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Regarding 206Pb/238U compositions in G4, full–volume analysis of the microtips containing
clustered Pb– and Al–rich domains are within error and yield a concatenated
value of 0.465 ± 0.052 corresponding to a
Fig. 2.3). Full-volume measurements of

206Pb/238 U

206Pb/238U

206Pb/238U

date of 2462 ± 551 Ma (Table 2.1,

ratios from each of the homogeneous

microtips having detectable U and Pb (i.e., microtips 22, 20, 18, 15, 14; n = 5) were found
to be within error, and these were concatenated to obtain a bulk 206Pb/238U value of 0.370
± 0.057 corresponding to a date of 2029 ± 625 Ma (Table 2.1, Fig. 2.3).

Figure 2.3. Plotted 206Pb/238U dates for full–volume APT analysis of zircons V09–237–
G4 and V09–232–G9. Published U–Pb data shown as horizontal dotted lines (Moser.
1997; Moser et al. 2011).
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2.4.1.2. Sub–microtip analyses of the Pb–rich clusters and their matrix
Two microtips from G4 (17 and 12) exhibit four clusters of Pb collocated with Al. The
∼10 nm diameter Pb clusters are enriched in radiogenic Pb to ∼4 at% compared to a matrix
value of <10 ppma. Al occurs at concentrations of ~1 at% and <10 ppma in clusters and
matrix, respectively. There is no enrichment of U in the clusters to support the high Pb
concentration (Fig. 2.2d). Counts of

206Pb

and

207Pb

within the Pb-rich clusters totaled

between 174–359 and 88–177 ions, respectively, yielding individual

207Pb/206Pb

ratios

between 0.493–0.506 (Table 2.2). The sum of background corrected Pb counts (S1 in
Table 2.2) yields a 207Pb/206Pb ratio of 0.497 ± 0.027. Taking the weighted average of these
data (orange bar, Fig. 2.4) yields a similar 207Pb/206Pb ratio of 0.50 ± 0.05 (2s), but with a
low mean squared weighted deviation (MSWD) value of 0.093. This low MSWD value
suggests the internal counting statistics errors overestimate the true reproducibility of the
measurements, as previously discussed by White et al. (2017).
Table 2.2 APT sub–volume Pb–Pb data (clusters).
Pb 1σ

206

Sample

207

Pb

1σ

207

Pb/206Pb

1σ

Pb/206Pb
Date (Ma)

2σ

207

Zircon V09–237–G4
149657 – C1 (microtip 12)

359

19

177

13

0.493

0.045

3492

637

149657 – C2 (microtip 12)

304

17

151

12

0.497

0.048

3508

678

149414 – C3 (microtip 17)

224

15

111

11

0.496

0.059

3504

834

149414 – C4 (microtip 17)

174

13

88

9

0.506

0.064

3542

896

Total Counts (S1)

1061

33

527

23

0.497

0.027

3508

381

Isotopic uncertainties (1s) were calculated through propagation of absolute raw and background counting
statistics errors and extrapolated in quadrature to yield an estimated error for the final 207Pb/206Pb ratio (White
et al. 2017). Final 207Pb/206Pb dates were calculated through isoplot assuming t2 = 2020 Ma. Uncertainties on
207
Pb/206Pb dates are quoted at 2s level of confidence.

The compositional measurement of the homogeneous matrix outside of the Pb–rich clusters
(i.e., through the exclusion of the Pb-rich clusters; ~1061 counts of Pb, Table 2.2) yields a
206Pb/238U

ratio of 0.370 ± 0.051 (Table 2.1, Fig. 2.3). This value is indistinguishable from

that of the nearby homogeneous microtips (206Pb/238U = 0.370 ± 0.057). The matrix to the
clusters yields a 206Pb/238U date of 2029 ± 559 Ma.
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Figure 2.4. Plotted Pb–Pb ratios (1s) for individual Pb–rich clusters isolated from
microtips 17 and 12 in V09–237–G4. Weighted average of the population was
calculated using isoplot and represent 2σ counting statistic uncertainties (orange
horizontal bar). The model 207Pb/206Pb value of 0.49 (red dotted line) corresponds to
the 1.45 Ga interval of radiogenic Pb generation between the time of the
crystallization of G4 (3.47 Ga) and the impact event.
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2.4.2. Shocked and partly recrystallized zircon grain V09–232-G9
2.4.2.1. Full–volume microtip analysis
The sole microtip from G9 is from the domain of fan-shaped CL zoning adjacent to an
impact-age neoblast, and exhibits a homogeneous distribution of U and Pb isotopes (Fig.
2.1f). A full-volume analysis of this small sample yielded a 206Pb/238U date of 2001 ± 693
Ma, in line with the

206Pb/238U

dates of similarly homogeneous microtips from G4 (see

above and Fig. 2.3).
In summary, the APT results for G4 and G9 indicated seemingly distinct domains of U–Pb
and Pb–Pb composition that can be evaluated in the context of radiogenic isotope mobility
at nanometre scale within zircon during shock metamorphism.

2.5. Discussion
Zircon has long been investigated as a tool for dating impact events, and it has proven
highly effective in cases where post-impact heating has caused new crystal growth through
recrystallization in the ejecta plume to produce a fine (~1 micrometre diameter) granular
aggregate (e.g., Krogh et al. 1993) or coarser (~10 µm) zircon granules within shocked
grains in the UHT zone of the target on Earth (e.g., Moser 1997) or Moon (e.g., Crow et
al. 2017). More common, however, is the scenario in which the combination of shock
deformation and heating results in incomplete Pb loss which, using micro-sampling by
SIMS or LA ICPMS, returns normally discordant U-Pb dates open to a non-unique
interpretation for impact timing (e.g., Thiessen et al. 2018). Moreover, whereas we have
models for conventional volume diffusion of trace elements in undeformed minerals
(Watson and Baxter 2007), we presently have very little understanding of the mechanisms
underlying Pb mobility during the extreme, short-lived deformation rates and heating
caused by impacts. Our nanoscale measurements relate to these two broad themes of impact
dating and Pb mobility mechanisms.

56

2.5.1. Impact age from nanodomains of 100% Pb loss
The APT data for G4 when viewed in aggregate yield results that are indistinguishable
from the discordant

206Pb/238U

SIMS measurements from the same grain (Moser et al.

2011), however when considered by structural categories there are two types of
nanodomains from which the timing of impact metamorphism can be interpreted. In
aggregate, the

206Pb/238U

value of combined homogeneous and Pb clustered microtips is

0.465 ± 0.052, in agreement with the nearby SIMS

206Pb/238U

measurement and date of

0.4669 ± 0.0028 and 2470 ± 30 Ma, respectively (Spot 4.4, Moser et al., 2011). The APT
and SIMS results are much less than the calculated 206Pb/238U value of 0.713 expected for
a grain that crystallized, and has remained a closed system, since ~3.47 Ga (purple line,
Fig. 2.3) and hence partial Pb-loss at the scale of tens of micrometres was interpreted from
the original SIMS datum. If we consider, however, the composition of just the microtips
with homogeneous domains of Pb and trace element distribution in G4 we see much
different values. The sub-micrometre volumes in the homogeneous microtips yield a bulk
206Pb/238U

value of 0.370 ± 0.057 and a putatively younger date of 2029 ± 625 Ma that

overlaps the impact age. Likewise, if we measure the composition of the homogenous
matrix outside of the Pb nanoclusters in the other microtips we see an equivalent 206Pb/238U
ratio of 0.370 ± 0.051 and date. There is no evidence of pre-impact or common Pb in either
the SIMS or APT analyses, and we therefore infer that all radiogenic Pb that had
accumulated in the 1.45 billion years prior to the impact event migrated such that these
nanodomains experience 100% Pb loss (Figure 2.5). A similar result and interpretation is
drawn from the homogeneous microtip from xenocrystic grain G9 (Fig. 2.3), the 206Pb/238U
composition of which agrees with the SIMS 206Pb/238U date of 2004 ± 28 Ma.

2.5.2. Impact timing information from Pb nanoclusters
The existence of Pb nanoclusters indicates directions of Pb mobility favouring
aggregations, in opposition to those which created the 100% Pb loss nanodomains. As
described above, it is known from previous SIMS and ID-TIMS data that there would have
been a 1.45 Ga interval of radiogenic Pb generation between the time of the crystallization
of G4 and the impact event. The APT results show that this interval can also be measured
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Figure 2.5. (a)

207Pb/206 Pb

growth curve for V09-237-G4 as a function of time,

graphically shown using the model of Blum et al. (2017). The solid black line
represents ~1.45 Ga of radiogenic Pb evolution that migrated into clusters during the
2.02 Ga impact event (orange star), preserving a fixed 207Pb/206Pb ratio of ~0.49 (red
line) within the clusters from the time of impact to present day. (b) Tera-Wasserburg
plot showing published SIMS data from zircons V09-237-G4 (grey circles) and V09232-G9 (yellow circles). The discordia line (grey dashed line) indicates an upper and
lower intercept of ~3.47 Ga and ~2.02 Ga respectively.
homogeneous, unclustered matrix yield a

238U/206Pb

APT data from the

value (dark blue line with

corresponding 1s uncertainty shaded in light blue) in agreement with the timing of
cluster formation and complete re-setting of the U-Pb system outside the clusters at
2.02 Ga. Published SIMS data from Moser et al. (2011).
from the composition of the Pb nanoclusters. Among the homogenous microtips described
above are two featuring Pb clusters (Fig. 2.1c, 2.2). Their average 207Pb/206Pb ratio of ~0.50
± 0.05 (2σ) corresponds to the model Pb isotopic composition of a zircon 1.45 Ga after
crystallization (Figure 2.5a). Just prior to impact, the grain and its host Archean gneiss
would have been situated in the middle crust of the Kaapvaal craton beneath the
Witwatersrand basin, experiencing ambient mid-crustal paleotemperatures of ~350 °C
(Gibson and Jones 2002), well above the ~150 °C temperature of self-annealing of alphadecay damage (Meldrum et al. 1998). Under these conditions G4 would have been an
unaltered, highly crystalline grain as no regional, high temperature metamorphic episode
of an intensity able to cause Pb clustering is known to have affected the ILG and eastern
Kaapvaal crust in the interval between Mesoarchean lithosphere stabilization and the
impact event (Hart et al. 1999; Moser et al. 2001). We therefore infer that radiogenic Pb
would have been homogeneously distributed, at nanoscale, with a

207

Pb/206Pb ratio of

~0.49, just prior to impact. The 207Pb/206Pb ratio of Pb clusters in this demonstrably shocked
zircon grain thus can be used to measure the time interval between zircon crystallization
and shock metamorphism. This general model for the evolution of the U–Pb system in
zircon over time (i.e., the Holmes-Houterman model) provides a unique way to yield
meaningful time information on the evolution and migration of radiogenic Pb in zircon,
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based solely on the 238U and 235U decay constants, and the modern day 238U/235U value of
137.88 (Steiger and Jäger 1977).

2.5.3. Considering mechanisms of Pb mobility in the zircon lattice due
to shock metamorphism
Our results reveal two very different styles of Pb mobility, manifest as nanodomains of Pb
loss and Pb retention as clusters. With regard to mechanism of Pb loss, an overall outwardly
radial vector of Pb motion during shock metamorphism was suggested to explain the
original SIMS analyses of G4 that showed 65%–85% Pb–loss broadly correlated with
distance outward from the centre of the grain (Moser et al. 2011). However, thermally
activated volume diffusion of this magnitude of concentration change across a ~50 µm
radial distance would require timescales of tens of millions of years for a grain residing
between ∼700–900 °C (Cherniak and Watson 2000). The REE diffusion in such a scenario
would be even greater, but cannot be reconciled with the sharp pre–impact CL banding
retained by the grain (Fig. 2.1a). We suggest that the Pb loss was a result of the
microphysical effects of fast-moving dislocations; that is, a process that produces a

transient, high density network of defects and localized, internal heating, and therefore fast
inter-crystalline diffusion (Spagnuolo et al. 2015 and references within). This model of
ultra-fast dislocation pile up and avalanche at cleavage planes (in our case shock-induced
deformation bands and slip planes) is a strong candidate to explain the geologically-

instantaneous, non-radial Pb migration and loss from a ~100 µm zircon grain following a
large impact event. TEM analysis shows that under experimental conditions ~50 nm scale
domains can remain crystallographically coherent with the matrix while supporting very
high concentrations of dislocations (Spagnuolo et al. 2015). We propose that abundant
dislocations, created by the loading and unloading of the initial shock wave (Langenhorst
et al. 2002), served as Pb carrier sites which remained active during immediate transition
to plastic, crater floor modification beneath the melt sheet during and following ~10 km of
rebound. This sequence would allow sufficient time and agents for mobilization of
incompatible elements, such as radiogenic Pb, through the lattice until reaching
energetically favourable positions along lattice discontinuities (e.g., planar deformation
bands, curviplanar fractures, twin boundaries, low-angle subgrain boundaries etc.). The
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discontinuities would have, in turn, been accessible to leaching by impact-generated melts
(now glass) and fluids analogous to the flash melting generated at local asperities in seismic
release zones (e.g., Rempel and Weaver, 2008). The microstructural sequence and record
of mineral melt veining in G4, together with the APT sample location within the grain,
supports this scenario for ultra-fast, non-radial Pb loss for at least tens of micrometres and

likely throughout the grain.
With regard to Pb retention as clusters, the nature and age relationships of the Pb clusters
we observe show some similarities with other APT studies of zircon exposed to high
temperature metamorphism in different settings. In tectonic settings clustering of Pb and
trace elements has been explained by a combination of temperature and internallygenerated lattice damage (i.e., radiation damage) (e.g., Valley et al. 2014, 2015; Peterman
et al. 2016) which enabled accelerated diffusion. This is consistent with independent

evidence using scanning ion imaging (SII) that found micrometre domains or “hotspots”
of unsupported radiogenic Pb in partially radiation-damaged zircon from East Antarctic
granulites (Kusiak et al. 2013). High-resolution TEM (Kusiak et al. 2015) and NanoSIMS
analysis (Lyon et al. 2019) of these same grains showed the Pb-enriched domains to, in-

fact, be comprised of <30 nm nanospheres of metallic Pb formed by the entrapment of melt
inclusions during the thermal annealing of interconnected radiation damage sites during a
discrete metamorphic event. However, in our case, radiation damage mechanisms cannot
be called upon as our zircons were in a deep crustal position that would have caused them

to be crystalline at the time of impact (see above). We know of no tectonic environment
where Pb-clustering has occurred in a crystalline zircon such as G4, free of the possible
influence of accumulated alpha-decay damage.
Our data require that we again appeal to novel mechanisms to explain the timing and scale
of Pb cluster formation. Some insight can be gained from a previous APT study of
geochronology reference zircon BR266 (Reinhard et al. 2017) that reports clustering of Pb
atoms with nearly the same quantity (n = 2), distribution (>200 nm apart), size (~10 nm),
and concentration (>4 at.%) as the clusters observed in our study. The BR266 standard is
a gem quality zircon from a commercial source and consequently it is likely that the cmsize grain had been annealed at very high temperatures (>1000 °C) to improve clarity (Stern
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et al. 2001). It was speculated by Reinhard et al. (2017) that the rare Pb clusters in the
sample formed due to such a recent, human-induced furnace annealing, causing Pb ions to
migrate into crystallographic defects to relieve stress on the lattice. Analogous levels of
heating are known to have affected the region of the G4 zircon during high post-impact
temperatures of at least ~1100 °C during pyroxene-hornfels metamorphism (Schreyer et al.
1983). We propose that this event could have assisted the movement of local radiogenic
Pb and interstitial Al ions to isolated pile-ups of shock-induced defects.
We estimate that the Pb atoms in the nanoclusters could have been derived locally. The Pb
concentration in the clusters is enriched by ~103 over matrix concentrations levels at the
time of impact. The Pb concentration of the matrix just prior to impact would have been
~35 ppm, i.e., the radiogenic production from a zircon of initial [U] = 170 ppm, as modelled
from the present U composition (SIMS data, Moser et al. 2011), and a 1.45 Ga time interval
between crystallization (3.47 Ga) and impact. If clustered Pb atoms aggregated radially,
the diameter of the corresponding spherical depletion zone would have been on the order
of tens of nanometres (50 nm maximum). If the Pb depletion volume was instead from a
planar domain such as a disk, with a thickness of 10 nm, then Pb atoms would have
migrated hundreds of nanometres. Regardless, this local, thermally driven Pb aggregation
would result in the

207Pb/206Pb

composition of pre-impact radiogenic Pb at the time of

impact. Pb clusters similar to those at the Vredefort structure are being reported from lunar
zircon where cluster formation is being linked to the Serenitatis impact event, one of the
largest and oldest impact basins on the near side of the moon (Blum et al. 2019). We note,
however, that the two microtips featuring nanoclusters are situated a few micrometres apart
and are separated by domains where pre-impact Pb was completely lost.
The geochronology and close spacing of Pb clusters amid domains of 100% Pb loss over
several micrometres points to multiple diffusion paths during the same metamorphic
episode. We propose that this remarkable configuration of adjacent Pb-egress and Pb
clustering activity was facilitated by defect–rich shock microstructures, and the effects of
heat and fluids along them, such that multi-path, non–radial (e.g., channel) diffusion was
active. Previous work using APT has demonstrated the significance of mineral defects in
controlling the mobility of trace elements at nanometre scales in both tectonic (Piazolo et
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al. 2016) and shock metamorphosed zircon (Reddy et al. 2016). In the tectonic case, the
mobility of Pb atoms in deformed zircon has been associated with accelerated Pb-loss along
defect-generated diffusion pathways decorated in charge-balancing elements (e.g., U+4,
Al+3) (Piazolo et al. 2016). However, in our case, we did not capture any decorated grain
boundaries or defect loops/pipes in our APT data sets, and radiation-damage pathways can
be ruled out as our liftouts sampled crystalline (i.e., sharp EBSD diffraction patterns)
zircon, albeit crosscut by a network of now-annealed shock microstructures (Fig. 2.1b).
We know of no analogues in the current APT and diffusion literature for zircon to explain
the variety of our results although microphysical behaviour of seismic release zones in the
crust are instructive. Certainly, our results explain an underlying cause of normal
discordance in metamorphosed zircon and illustrate that the presence of Pb clustering does
not equate to reverse discordance and the potential for erroneously old ages as has been
proposed for some Hadean zircons (Ge et al. 2019). Our evidence for highly accelerated
Pb diffusion in zircon in shock metamorphosed early crust, as opposed to conventional
volume diffusion, bears consideration in future modelling of the consequences of heavy
bombardment for early zircon populations.
Our interpretations of nanoscale mechanisms underlying impact-triggered Pb mobility are
broadly in line with the results of the first shocked zircon study from Sudbury, Canada
(Krogh et al. 1984) where impact-related discordance in bulk, multi-grain aliquots was
shown to have occurred only in samples wherein the effects of shock deformation, fluid,
and heat had operated in concert. Understanding Pb mobility processes at the nanometre
scale holds promise for further improving planetary crustal geochronology. It is clear that
the previous, discordant SIMS measurements of G4 were physical averages of nanoscale
domains of open and closed system behaviour with regard to Pb in the zircon lattice. It is
possible that similarly discordant analyses can be disambiguated with a microstructural
geochronology approach. We propose that zircons that exhibit the nanoscale Pb and trace
element characteristics reported here, when accompanied by the suite of microstructures
indicative of extreme shock pressures and heating, can assist in better recognizing relict
bombarded crust and resolving the timing of post-impact thermal metamorphism.
Identifying the subset of grains with these features among the wide variety of early zircons
from Earth, Moon and Mars (Roszjar et al. 2017; Moser et al. 2019) should allow further
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testing of models of the peak period(s) of thermal input to planetary crusts by bombardment
processes.

2.6. Conclusion
The integration of microscopy (SEM) and isotopic data (SIMS, APT) for partial (V09237-G4) and complete age re-set (V09-232-G9) zircon from the pyroxene hornfels
metamorphic aureole of the Vredefort impact structure provides insight on nanometre scale
Pb diffusion in zircon, specifically in the grains in crater floor crust exposed to a shock
wave, extreme thermal metamorphism, and plastic recovery during the post-impact stages
of crater modification. Our findings show two styles of Pb mobility, and two different ways
in which Pb and the U-Pb ratios measured at nanoscale can be used to gain information on
the timing of shock metamorphism. Isolation of domains of 100% Pb loss due to fast intercrystalline channel diffusion can yield U-Pb ages of shock metamorphism. At the same
time, the Pb–rich clusters reported here represent an important nanoscale proxy for hightemperature metamorphism, which, in the presence of microscale shock features, can be
used to identify and measure, albeit relatively imprecisely, the time interval between zircon

crystallization and major impact-triggered heating. It is hoped that these results will inform
studies of lunar, martian and asteroidal zircons from bombarded crusts.
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Chapter 3

3

Ancient and recent episodes of fluid alteration of Mars
crust preserved in nanodomains of earliest zircon and
baddeleyite

3.1. Introduction
Our understanding of the abundance, distribution, and chemical composition of water

within the Martian mantle, crust and atmosphere through time is important to
reconstructing the initial conditions of early crustal evolution on Mars and the pathways
for potential habitability. Consequently, a major scientific objective of the Mars sample
return (MSR) mission is to identify the primary geologic processes that formed the Martian
geologic record, with an emphasis on the role of water (iMOST, Beaty et al. 2019). The
development of a full suite of methods for extracting maximum information on the records
of fluid interaction from these rare samples is therefore timely and can be accomplished
using meteorites. At the present time, Martian meteorites are the only direct samples
available on Earth to study the extent of aqueous processes at or near the Martian surface.
The source crust for these ejected samples represents the largest water reservoir per unit
mass on Mars (McCubbin et al. 2016b) generated by partial melting of the Martian interior,
which is believed to include water-rich magma sources in many, if not all mantle reservoirs
(Kizovski et al. 2020). However, in the absence of plate tectonics, crustal material on Mars
is not recycled back into the mantle, thus effectively creating a buffer between these water
reservoirs in the Martian mantle, hydrosphere, and atmosphere (Costa et al. 2020). As a

result, the isotopic composition of Martian hydrogen in the crust reflects an intermediate
composition, or a third reservoir, generated from the mixing of at least two mantle
reservoirs and prolonged interaction of the crust with the Martian hydrosphere and
atmosphere (e.g., Barnes et al. 2020; Davidson et al. 2020 and references therein). This

prolonged interaction of the crust with the Martian hydrosphere is further supported by rare
earth element patterns in hydrous phosphates in crustal material (e.g., Martian regolith
breccia meteorites) that are indicative of hydrothermal reactions occurring at the Martian
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surface (Liu et al. 2016), as well as interaction of Martian crust with Cl-rich fluids, such as
brines (e.g., Bellucci et al. 2017). It is therefore clear that the potential exists for crust
alteration by different water-rich reservoirs on Mars, yet little detailed evidence for the
chemistry of altering fluids during separate alteration events has been reported thus far.
Here we present nanoscale mineral evidence of multiple alteration events on Mars using a

relatively non-destructive methodology (e.g., micrometre volumes) suitable for planetary
meteorites and future returned samples.
The Northwest Africa (NWA) polymict breccia meteorites are recognized as a rare sample
of Martian regolith that provide a unique opportunity to directly study the near surface of
Mars. The breccia comprises of several paired samples identified as part of the Rabt Sbayta
family of Martian stones. These include NWA 7034, 7475, 7533, 7906, 7907, 8114, 8171,
8674, 10922, 11220, 11522, 11896, 11921, 12222, 13561, and Rabt Sbayta 003, 010, 012.

Recent petrographic and compositional studies have focused on unravelling the formation
history of the regolith breccia, interpreting these stones as a melt-rich impact breccia (Agee
et al. 2013; Humayun et al. 2013) formed at the surface on Mars, most probably from the
Mars’ southern highlands (Wittmann et al. 2015; Hewins et al. 2017), and ejected to earth

~5 million years ago (Cartwright et al. 2014; Cassata et al. 2018). The lithologic make-up
of the breccia consists a mosaic of clasts of melt rock, melt spherules, sedimentary clasts,
and igneous lithic and mineral fragments set in a fine-grained crystalline matrix (Wittmann
et al. 2015; McCubbin et al. 2016a; Hewins et al. 2017). The oldest lithic clasts are

comprised of noritic-to-monzonitic mineralogies interpreted as re-melted primary Martian
crust that are host to some of the oldest known Martian zircon and baddeleyite crystals
(e.g., Bouvier et al. 2018). To date, the Martian polymict breccia meteorites most closely
match the chemical composition of crustal material on Mars as determined by the orbiting
Mars Odyssey and Mars rovers (Agee et al. 2013).
It is widely recognized from U-Pb chronology of polymict breccia meteorites that three age
populations of zircon can be defined. The first ‘old’ population of ancient crystals yield

high precision U-Pb ages of 4,476.3 ± 1.0 Ma and 4,429.7 ± 0.9 Ma that represent multiple
igneous events over a 50 Myr span that melted a precursor 4.55 Ga andesitic crust (Bouvier
et al. 2018). These data are concomitant with more recent U-Pb zircon ages that define a
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bimodal distribution with grouping at 4474 ± 10 Ma and 4424 ± 17 Ma interpreted to
represent two intense bombardment episodes at the planet’s surface early in its history
(Costa et al. 2020) followed by a monotonic decline in impact activity (Moser et al. 2019).
Following a period of quiescence, this ancient crustal material was later deposited by
atmospheric rainout subsequent to an impact event(s) and lithified to form the regolith

breccia (McCubbin et al. 2016a). However, the timing of this brecciation remains under
debate. It has been proposed that a second population of metamict zircon and phosphate
crystals with average U-Pb ages of ~1.5 Ga, together with textural evidence from the
breccias groundmass material, suggest that the breccia underwent a single pervasive

thermal event (500-800 °C) that coincides with breccia solidification (McCubbin et al.
2016a). Moreover, the variability in geochemical signatures in crustal apatite from the
breccia, i.e., F, Cl and OH, suggest partial exchange with crustal fluids at that time
(Bellucci et al. 2017; Barnes et al. 2020; Davidson et al. 2020). This is further supported

by evidence of hydrothermal replacement reactions preserved in the rare earth element
patterns of phosphate grains in the polymict breccia meteorites (Liu et al. 2016).
Alternatively, plateau 40Ar/39Ar ages between 1319 ± 16 Ma and 1119 ± 32 Ma has been
used to argue a period of protracted metamorphism consistent with plume-related
magmatism that affected a significant fraction of the material protolith to the breccia, with
lithification happening much later at <225 Ma (Cassata et al. 2018). This model for late
brecciation is strongly supported by a population of even ‘younger’ detrital zircons that are
incorporated into the groundmass of the breccia that span in U-Pb ages from 1548 ± 8.8
Ma to 299.5 ± 0.6 Ma (Costa et al. 2020). Likewise, U-Th/He thermochronology suggests
that an additional low-temperature metamorphic episode may have occurred following
breccia at <225 Ma (Cassata et al. 2018), as supported by the decoupling of measured and

time-integrated Th/U ratios in zircon (Guitreau and Flahaut 2019). Moreover, it is apparent
that additional constraints are necessary to better resolve the origin and timing of geologic
processes associated with low temperature metamorphism, brecciation, and aqueous
alteration preserved in the Martian polymict breccia meteorites. Nevertheless, the picture

so far is of at least two intervals of hydrothermal fluid activity; at least as early as ~1.5 Ga
and a subsequent event at <225 Ma. Information on the composition of these fluids may
provide insights on the nature of the crust during these periods of aqueous alteration.
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The application of sub-micrometre analytical techniques, such as atom probe tomography
(APT), on meteorites has proved useful in constraining the timing of the high temperature
bombardment effects on early Mars but has not yet been applied to studying the timing and
chemistry of lower temperature events such as those involving Martian fluid processes
preserved in microminerals from the NWA polymict breccia meteorites. The unique

capabilities offered by APT that provide a combination of three-dimensional spatial,
chemical, and isotopic information with sub-micrometre resolution (Gault et al. 2012).
Here, we make a first examination of the primary trace element compositions of igneous
zircon and baddeleyite from earliest Mars using APT, together with nano-domains of

impurities, and interpret these in light of mineral textures, microstructure and chemical
composition to deduce the nature of aqueous processes on the ancient Martian surface and
how they have changed over time.

3.2. Zirconium minerals as recorders of secondary alteration
Zircon (ZrSiO4) and baddeleyite (monoclinic ZrO2) are two robust geochronometers that
are widespread in rocky planetary materials and have been shown to preserve a wealth of

microstructural, chemical, and isotopic information useful for reconstructing thermal
histories on Earth, Moon and Mars (e.g., White et al. 2018; Herd et al. 2017; Darling et al.
2016; Moser et al. 2019; Roszjar et al. 2017). Ultimately however, the reliability of
chemical and geochronologic information from these accessory phases is dependent on the

nanoscale processes that control trace element mobility and open system behavior.
Moreover, it is essential to understand the reaction of these microminerals to secondary
alteration processes at the atomic scale and the structural, chemical, and isotopic variations
that may occur.
Nanostructural research to date on well-characterized terrestrial zircon and baddeleyite
grains has helped to advance our understanding of the atomistic processes related to
primary crystal growth, radiation damage, lattice deformation, and thermal recovery.

Nanoscale techniques such as scanning ion imaging (Kusiak et al. 2013; Ge et al. 2018),
transmission electron microscopy (Kusiak et al. 2015), NanoSIMS (Lyon et al. 2019) and
atom probe tomography (Valley et al. 2014; Peterman et al. 2016) have shown that the
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annealing of radiation damage in zircon during high-temperature (>800 °C) metamorphism
can cause the clustering of trace elements (e.g., Y, Al, Pb). Even zircon at shock
metamorphic conditions (>900 °C; >40 GPa) has been observed to exbibit nanoscale
clustering of Pb and Al (Arcuri et al. 2020). In addition, APT work on deformed zircon
has shown a strong influence of mineral defects to control the migration of U, Pb and other

trace elements in zircon during periods of thermal (Piazolo et al. 2016) and shock
metamorphism (Reddy et al. 2016). In the case of baddeleyite, grains are much more
sensitive to shock pressure perturbations than zircon, exhibiting a progressive transition to
its high-pressure orthorhombic-ZrO2 phase above ~5 GPa (White et al. 2018) and

conversion into defect-rich nanocrystalline assemblages above >29 GPa (Darling et al.
2016). The nanoscale defects generated by these transformations are inferred to assist in
the mobility of Fe and other trace elements into discrete domains during heating (e.g.,
clusters), whereas sub-micron grain boundaries remain susceptible to the introduction of

fluids into the lattice during low-temperature thermal episodes (White et al. 2017). This
wealth of knowledge provides a fundamental baseline for using these microminerals to
uncover cryptic thermal and alteration histories on Earth and other planetary bodies (e.g.,
Moon, Mars).
Previous studies of mineralogic records of the polymict breccia identify evidence for
secondary alteration products, such as veins of late-stage pyrite crystalized from S-rich
hydrothermal fluids that percolated through the breccia during lithification at ~1.5 Ga

(Lorand et al. 2015), or magnetite veins that crosscut an ancient generation of Martian
regolith that formed prior to incorporation into the of breccia (i.e. protobreccia) yet are
absent in surrounding bulk matrix (McCubbin et al. 2016a). Micro- and nanostructural
observations from individual zircon and baddeleyite grains sampled from the Martian
polymict breccia meteorites, the oldest known Martian crust, were used to reconstruct the
maximum shock pressures and temperatures experienced on early Mars and infer a
dominantly low-temperature history punctuated by dynamic events that led to, for example,
fracturing of individual grans prior to launch of the meteorite as well as a population of
metamict zircons (Moser et al. 2019). Here, we apply the same methodology using atom
probe tomography and correlative electron microscopy (e.g., BSE, CL, EBSD) to focus on
the primary composition of these early Mars grains and their secondary alteration histories.
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3.3. Materials and methods
A total of five grains (three zircon and two baddeleyite) from a polished thick section of
the Martian polymict breccia NWA 7475 (Fig. 3.1) were the targets of this study, having
been selected from the population of grains previously analyzed by Moser et al. (2019),

which were used to test for a low-grade (<10 GPa, <450 C) metamorphic history for the
ancient crustal terrane that originally hosted the accessory phases now distributed within
the breccia. Here, we present a more detailed look at the microstructure of the five selected
grains, as well as addition detailed APT analysis, to compare the primary compositions and

low-temperature phenomena preserved in these robust zirconium phases at the nanometre
scale.

Figure 3.1. Location of target zircon and baddeleyite within the groundmass of
Martian polymict breccia meteorite NWA 7475, with the exception of Zircon 7012
located within a lithic monzonitic clast. Zircon and baddeleyite are represented by
blue and yellow circles respectively. NWA 7475 and paired stones are most probably
launched from Mars’ southern highlands, represented by orange in the NASAMOLA false-colour topographic model of the Martian surface (Courtesy of
NASA/JPL-Caltech www.jpl.nasa.gov/spaceimages/details.php?id=PIA02820).
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3.3.1. Electron microscopy (SE, BSE, EDS, CL, EBSD)
Electron beam analyses of polished slab NWA 7475 were carried out at the University of
Western Ontario’s Zircon and Accessory Phase Laboratory (ZAPLab) using a Hitachi
SU6600 field emission gun–scanning electron microscope (FEG–SEM). Target zircon and
baddeleyite grains were initially located in situ using an automated feature scan within
Oxford INCA’s feature mapping routine and assigned a unique feature identification
number (Moser et al. 2011). Backscatter electron (BSE) imaging was carried out with a
five-segment solid-state detector using an accelerating voltage of 15 kV to stimulate

channeling contrast effects and highlight structural variations within the crystal. Colour
cathodoluminescence (CL) images were captured with a Gatan ChromaCL red-green-blue
(RBG) plus ultraviolet detector and Gatan Digital Micrograph software using a 10 kV
electron beam. Microstructural data were captured with an Oxford Nordlys detector and

HKL’s Channel 5 software with step sizes of 60-125 nm (grain size dependent). The sample
was titled to 70 within the SEM chamber and raised to a working distance of 19.0 mm.
Kikuchi bands were generated using a 20 kV electron beam and captured using the camera
settings of 24 frames/s and 4x4 pixel binning. Patterns were indexed using a minimum and

maximum of 5 and 7 Kikuchi bands respectively, and a Hough transformation resolution
setting of 60. The mean angular deviation (MAD) discriminator was set to a value of 1,
above which analyses were assigned a zero solution to avoid the indexing of poor-quality
EBS patterns. Post analysis noise reduction processing was not applied to any of the data
sets other than to remove erroneous wild spikes.

3.3.2. Atom probe tomography (APT)
The target zircon and baddeleyite grains (n = 5) were selected for detailed atom probe
tomography analysis to identify and map elements within the minerals. Microtip specimens
were extracted from each grain by gallium focused ion beam (FIB) milling at CAMECA®
Instruments Inc., in Madison, Wisconsin. A rectangular liftout was extracted from the
polished surface of each grain following conventional liftout and mount procedures (e.g.,
Larson et al. 2013; Thompson et al. 2007; Miller and Russell 2007) and milled into multiple
needle–shaped specimens using a series of annular mills with decreasing inner radii (<100
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nm). A final low voltage (<5 kV) milling step can be performed to remove the regions of
material damaged by gallium implantation (Thompson et al. 2006).
Prepared specimens were analyzed at CAMECA® using a LEAP 4000 X HRTM atom probe
equipped with a reflectron flight path and laser pulsing capability. Analytical procedures
followed those outlined by previous APT studies on zircon and baddeleyite (Reinhard et
al. 2017; White et al. 2017; Moser et al. 2019; Arcuri et al. 2020), with ionization of the
atoms on the specimen surface promoted by a 355-nm-wavelength ultraviolet laser (100 pJ
pulse energy, 200 Hz frequency, 0.5% target detection rate) focused on the tip of the
specimen under ultrahigh vacuum and at cryogenic conditions (~50 K). The mass-tocharge ratio of the evaporated ions is determined through time-of-flight mass spectrometry
by measuring their time from field evaporation to their detection on a position-sensitive
detector and equating it to their theoretically acquired kinetic energy. A spatial

reconstruction is created by projecting the ions back to the specimen tip and considering
the sequential order of evaporation. Complete detail on data acquisition with the local
electrode atom probe are described elsewhere (Larson et al. 2013)
Data reconstruction and ranging of mass spectra were conducted using the CAMECA®
IVASTM 3.6.12 software. Details on the acquisition parameters and spatial reconstruction
parameters for each dataset are provided in Appendix B. Peak ranging of mass spectra and
the calculation of background corrected counts and propagation of counting statistic errors

(√counts) were done following the protocol outlined in Chapter 2 (e.g., White et al. 2017).
The compositions of sub-domains were isolated using 0.5 at.% isoconcentration surfaces
of target trace element species unless otherwise stated. To achieve stoichiometric values
for zircon, the majority of the 28 Da peak is assigned as Si+, as commonly identified in

APT spectra for both igneous and metamorphic zircon. However, a small peak of Fe2+ at
28 Da is likely. To avoid this overlap in discriminating between in Si- and Fe-rich clusters,
we identified clusters by creating isosurfaces using 14 and 14.5 Da peaks of Si2+, and the
predominate peak of Fe as FeO+ at 72 Da. A similar discrimination was done for Al+ and

Fe2+ at 27 Da, using Al2+ (13.5 Da), Al3+ (9 Da), AlO+ (43 Da), and AlO2+ (21.5 Da).
Relative isotopic abundances for each species were further used to deconvolute peak
overlaps when measuring compositions.
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3.4. Results
3.4.1. Microstructure
The microstructure and texture results for the three zircons and two baddeleyite grains
studied are consistent with previous work indicating that they are originally magmatic
crystals that have been modified by either or both low-grade metamorphism and brittle
deformation prior to a final, pervasive fracturing event due to launch from Mars. Zircon
F7012 is located within a monzonitic clast and exhibits an elongate, euhedral habit as well
as primary growth banding and sector zoning indicative of a magmatic origin (Fig. 3.2ab). Two other zircon grains, F13363, F22576 are crystal clasts with subhedral to anhedral
form, and, like F7012, igneous internal zoning. Zircon F13363 is intergrown with Kfeldspar (Fig. 3.2c-d), and entirely crystalline whereas zircon F22576, has a metamict core

and crystalline rim (Fig. 3.2e). It is most probable that these crystal clasts were released
from their respective host lithologies, and their shapes modified, during the high-energy
transport event which deposited the suevite-like breccia (Wittmann et al. 2015; McCubbin
et al. 2016a). The two baddeleyite grains are likewise clastic. Grain F28741 is euhedral and

mostly enclosed by anhedral ilmenite to form a bimineralic clast. (Fig.3.3a). Baddeleyite
grain F3244 is a subhedral crystal clast within a fine-grained matrix (Fig. 3.3d).
The EBSD measurements of zircon crystal clast F22576 reveal a mostly crystalline grain

(i.e., sharp EBSD diffraction patterns) with changes in lattice orientation (≤12) across
open, launch-related fractures and low-magnitudes (≤3) of crystal-plastic deformation of
the zircon between the fractures (Fig. 3.2f) that are a characteristic of the population of
zircon grains analyzed by Moser et al. (Moser et al. 2019). Lattice orientation maps for

baddeleyite grains F28471 (Fig. 3.3c) and F3244 (Fig. 3.3e) reveal orthogonally related
(90) twinning characteristic of partial reversion from orthorhombic or tetragonal ZrO2
polymorphs following low-grade (<20 GPa) shock metamorphism (White et al. 2018;
Moser et al. 2019) The edge of baddeleyite grain F28471 and enclosing ilmenite in contact
with the matrix exhibit a narrow, discontinuous rim of zircon. The matrix, zircon rim and
baddeleyite are crosscut by launch fractures (Fig. 3.3b).
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Figure 3.2. (a) EDS element map (Green = Mg, Red = Na, Blue = Fe) of lithic clast
showing fractured but otherwise undeformed zircon grain F7012. (b) CL image of
zircon F7012 showing igneous planar growth banding and location of atom probe
specimen (yellow circle). (c-d) BSE and CL image of skeletal zircon F13363 enclosing
a feldspar grain. Location of the atom probe specimen (pink circle) was selected from
a crystalline region having clear primary growth banding in CL indicative of
magmatic origin. (e) BSE image of crystalline zircon clast F22576 containing a U-rich
metamict core. Location of atom probe specimen from the crystalline and metamict
domains are represented by blue and green circles respectively. (f) EBSD texture map
coloured according to relative lattice misorientation (referenced to blue zone, red
cross) with changes in lattice orientation (≤12°) across open, launch related fractures
and low-magnitudes (≤3°) of crystal-plastic deformation of the zircon between the
fractures.
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Figure 3.3. BSE image of (a) a bimineralic fragment containing euhedral baddeleyite
F28741 attached to ilmenite and enclosed by a thin, discontinuous reaction rim of
zircon (inset b), and (d) subhedral baddeleyite crystal clast F3244 emplaced into the
surrounding fine-grained matrix. Locations of atom probe specimen from crystalline
baddeleyite are indicated by orange circles, while a single specimen selected from the
edge of the grain in the vicinity of the zircon reaction rim (purple circle). EBSD maps
(c and e) of Euler angles of the baddeleyite lattice relative to stage coordinates and
corresponding inverse pole figures showing orthogonally related reversion twinning
typical low-grade shock metamorphism (<20 Ga).

3.4.2. APT of zircon and baddeleyite
3.4.2.1. Primary compositions of zircon and baddeleyite
The chemical composition of an APT specimen of igneous zircon F7012 (yellow circle,
Fig. 3.2b), previously reported by Moser et al. (2019) simply as homogeneous, is here
presented in detail as a comparator for altered zircon in grains F13363 and F25776 (below).
The atoms of the major elements of zircon (Zr, Si and O) are homogeneously distributed,
accounting for 99% of detected ions. The most predominant impurities are Hf (~0.15
at.%), Y (~0.1 at.%) and P (100 ppma), which are evenly distributed in the specimen. The
mass spectrum suggests that trace levels of U, Pb and rare earth elements (i.e., Dy, Er, Tm,
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Yb) are also likely present; however, abundance cannot be measured with confidence as a
result of low signal (i.e., counts relative to background noise) and isobaric interferences
with other major species. The bulk isotopic composition is provided in Table 3.1.
Table 3.1. APT elemental compositions measured for primary Martian zircon in
NWA 7475
Primary Martian zircon
Grain F7012: specimen R52_128916
Ion
Type
Composition (at.%)
± 1σ
Zr
19.62%
0.02
Si
17.17%
0.02
O
62.74%
0.05
Ion
Type Composition (ppma) ± 1σ
Hf
1583
20
Y
1092
16
P
100
Th
U
Pb
Li
Be
REE
-

Grain 22576: specimen R52_147509
Ion
Type
Composition (at.%) ± 1σ
Zr
19.18%
0.02
Si
16.92%
0.02
O
63.69%
0.05
Ion
Type Composition (ppma) ± 1σ
Hf
1788
20
Y
43
3
P
79
4
Th
U
Pb
Li
62
4
Be
29
3
REE
-

C.
Level
A
A
A
C.
Level
A
B
C
B
B
C

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection
limit: k2 + 2k√(2B) (Currie, 1968) where k = 1.645 (95% confidence level) and B represents background;
(-) signifies no identifiable peak.

Atom probe results from a single specimen from each of the two baddeleyite grains
reported above (orange circles, Figs. 3.3a and 3.3d) yielded major element compositions

(Zr and O) that are homogeneously distributed throughout each tip forming 98 wt% of
the bulk composition. Minor quantities of Hf (≤0.2 at.%), Nb (≤0.2 at.%), Fe (≤500
ppma), Ti (≤300 ppma), P (≤300 ppma), and Sc (≤200 ppma) were also measured in each
data set and exhibit uniform distributions absent of any nanoscale clustering. Low

concentrations of U, Pb, Mn, Ta (≤50 ppma) were also reported. The bulk isotopic
compositions of each baddeleyite specimen are provided in Table 3.2.
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Table 3.2. APT elemental compositions measured for primary Martian baddeleyite
in NWA 7475
Primary Martian baddeleyite
Grain F3244: specimen R60_147255
Ion
Type
Composition (at.%) ± 1σ
O
66.50%
0.02
Zr
32.95%
0.02
Si
Ion
Composition
Type
(ppma)
± 1σ
Hf
1964
12
Nb
1988
12
Fe
477
6
Th
U
13
1
Pb
15
1
P
269
5
Ti
269
5
Sc
180
4
Mn
6
1
Ta
46
2

Grain F28471: specimen R60_147213
Ion
Type
Composition (at.%) ± 1σ
O
70.50%
0.02
Zr
29.25%
0.01
Si
Ion
Composition
Type
(ppma)
± 1σ
Hf
1477
8
Nb
490
5
Fe
173
3
Th
U
Pb
P
200
3
Ti
142
3
Sc
47
1
Mn
Ta
-

C.
Level
A
A
C.
Level
A
C
B
B
B
C
B
C
B
C

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection
limit: k2 + 2k√(2B) (Currie, 1968) where k = 1.645 (95% confidence level) and B represents background;
(-) signifies no identifiable peak.

3.4.2.2. Alteration of skeletal zircon F13363
A single specimen from the skeletal zircon crystal clast was sampled from a region of
undeformed crystalline zircon located between the network of fractures (pink circle, Fig.

3.2c) and yields a mass-to-charge spectra that is more complex than the terrestrial standard
(Reinhard et al. 2017) and primary Martian zircon (Appendix D). The compositions of
major and trace elements are shown in Table 3.3. Notable is the presence of impurities of
Al, Ca, Mg, Fe. These are heterogeneously distributed within several curvilinear and

cluster features. The curvilinear features are up to 80 nm in length and, on average, 10
nm in thickness. They are highlighted by an enrichment of Mg and Ca at concentrations of
0.7 at.% and 0.9 at.% (Fig. 3.4). A 40 nm diameter spheroidal cluster decorated in Fe
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(1.9 at.%), Al (0.2 at.%), Mg (354 ppma), and Ca (443 ppma) is located adjacent to the
curvilinear structure, with small clusters (<10 nm) of Fe, Al (at.%) and Mg, Ca (ppma)
distributed throughout the tip (Fig. 3.4).

Figure 3.4. APT atom maps of a single specimen (R52_127743) sampled from an
entirely crystalline domain of skeletal zircon F13363 showing clear signs of alteration
by metals and alkalis. Ca, Mg, Al, Fe concentrations are discontinuously distributed
along curvilinear features and clusters.
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Table 3.3. APT elemental compositions measured for Martian skeletal zircon F13363 in NWA 7475.
R52_127743: skeletal zircon F13363
Matrix only
Ion Type Composition (at.%) ± 1σ Ion Type
Zr
19.69%
0.01
Zr
Si
16.96%
0.01
Si
O
63.11%
0.02
O
Ion Type Composition (ppma) ± 1σ Ion Type
Hf
1558
9
Hf
Y
85
2
Y
P
281
4
P
Al
25
1
Al
Fe
36
1
Fe
Ca
BDL
BDL
Ca
Mg
BDL
BDL
Mg
Mn
BDL
BDL
Mn
Ti
Ti
Cl
Cl
K
K
Na
Na

Fe-Clusters
Composition (at.%)
19.77%
17.59%
61.71%
Composition (ppma)
1446
154
173
2442
19325 (1.93%)
443
354
161
-

± 1σ Ion Type
0.13
Zr
0.13
Si
0.23
O
± 1σ Ion Type
5
Hf
2
Y
2
P
6
Al
196
Fe
2
Ca
6
Mg
2
Mn
Ti
Cl
K
Na

Linear features
Composition (at.%)
19.10%
16.63%
63.26%
Composition (ppma)
1279
BDL
BDL
BDL
BDL
9225
6924
BDL
-

± 1σ C. Level
0.34
A
0.32
A
0.62
A
± 1σ C. Level
191
A
BDL
B
BDL
C
BDL
C
BDL
C
850
B
736
C
BDL
B
B
C
B
B

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection limit: k2 + 2k√(2B) (Currie, 1968) where k = 1.645
(95% confidence level) and B represents background; (-) signifies no identifiable peak.
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3.4.2.3. Alteration of Baddeleyite F28471
Contrary to the sample from the interior of grain F28471, a specimen from the edge of the
baddeleyite clast (purple circle, Fig. 3.3a) captures a transition from baddeleyite to a silicarich phase (Fig. 3.5a) approaching the composition of zircon. The ZrO2 component of the

microtip specimen yields a mass-to-charge spectrum (Appendix D) that shares some
similarity to the primary baddeleyite specimen showing major peaks of Zr and O and minor
quantities Hf, Nb, Fe, Ti and P (ppma). In the uppermost portion, however, quantities of
Si, Al, Fe, Ca, Mn, Mg, Ti and Na are also observed. The bulk compositions are provided
in Table 3.4.

Figure 3.5. (a) APT atom map of a single specimen (R52_147291) sampled from the
edge of baddeleyite F28471 showing an element of the transition believed to be
associated with a reaction rim of zircon. (b) top view (down z-axis) showing the
baddeleyite-silica phase boundary, marked using a 1 at.% concentration isosurface
(grey isosurface). (c) cross-sectional slice extracted using a rectangular ROI from
across the baddeleyite-silica phase boundary (red box in b) and (d) associated 1D
concentration profile across the ROI showing compositions of the Si-Al-rich and Carich phases.
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Table 3.4. APT elemental compositions measured for Martian baddeleyite F28471 in NWA 7475 and sub-domains of secondary
alteration products.
R52_147291: baddeleyite F28471 and sub-domains of secondary alteration
Baddeleyite only
Si-Al-rich zone
Ca-rich zone
Ion Type Composition (at.%) ± 1σ Ion Type Composition (at.%) ± 1σ Ion Type Composition (at.%)
O
68.68%
0.1
O
57.10%
0.52
O
48.36%
Zr
30.97%
0.06
Zr
16.71%
0.31
Zr
20.81%
Si
737 (ppma)
26
Si
17.39%
0.36
Si
13.24%
Ion Type Composition (ppma) ± 1σ Ion Type Composition (ppma) ± 1σ Ion Type Composition (ppma)
Hf
749
25
Hf
1112
224
Hf
2676
Nb
747
25
Nb
1626
318
Nb
2271
Y
Y
Y
P
159
12
P
3685
408
P
4842
Al
BDL
BDL
Al
32566 (3.30 %)
1214
Al
26922 (2.69%)
Fe
114
10
Fe
19182 (1.92%)
931
Fe
29710 (2.97%)
Ca
BDL
BDL
Ca
7108
567
Ca
66604 (6.66%)
Mg
BDL
BDL
Mg
3025
370
Mg
16102 (1.61%)
Mn
BDL
BDL
Mn
9777
665
Mn
23026 (2.30%)
Ti
278
15
Ti
2224
317
Ti
4201
Cl
Cl
Cl
K
K
K
Na
BDL
BDL
Na
2238
318
Na
5859

± 1σ C. Level
0.69
A
0.46
A
0.37
A
± 1σ C. Level
531
A
513
C
B
701
C
1654
C
1738
C
2602
B
1279
C
1530
B
653
B
C
B
772
B

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection limit: k2 + 2k√(2B) (Currie, 1968) where k = 1.645
(95% confidence level) and B represents background; (-) signifies no identifiable peak.
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A cross-sectional slice was extracted using a rectangular ROI from across the baddeleyitesilica phase boundary, which we have marked using a 1 at.% concentration isosurface (Fig.
3.5b). The cross-section and associated 1-D concentrations profile (Fig. 3.5c-d) reveals an
>10 nm-wide gradient in which a decrease in Zr and O concentrations are compensated by
an increase of Si (up to 18 at.%) and other trace elements (i.e., >3at.% Al, >1.9 at.% Fe,
>0.1 at.% Ca, Mg, P, Mn, Ti, and Na). This gradual transition continues into a second
calcium-rich phase associated with a decrease in Si concentrations (down to ~13 at.%) that
is compensated by an increase of Zr, Ca (up to ~7 at.%) and >1 at.% of Al, Fe, Mg, Mn
and >0.1 at.% P, Ti, and Na. A decrease in oxygen across the boundary from stochiometric
values (66 at.%) down to ~ 48 at.% appear to be correlated with an increase in Ca
concentrations. This poly-nanophase assemblage is spatially correlated to the boundary
observed by backscatter election imaging and EBSD between the core of the igneous

baddeleyite and a younger alteration rim of crystalline zircon (Fig. 3.3b, 3c), most likely
representing an element of the transition process.

3.4.2.4. Alteration chemistry in metamict domain of zircon F25776
A clear view into the components of alteration can be gained from a comparison of the
APT data from the crystalline main body and igneous zircon with that from a metamict
domain, both in zircon F25776. The crystalline domain (blue circle, Fig. 3.2e) yields a
mass-to-charge spectra (Appendix D) and homogeneous structure that is virtually identical
with that of a terrestrial standard zircon (Reinhard et al. 2017) and primary Martian zircon
except that Mars grain F25776 has elevated concentrations of Be+2 and Li+. In contrast, the
specimen from the metamict core (green circle, Fig. 3.2e) yields an unusual and complex
mass-to-charge spectrum (Appendix D) relative to the crystalline domain, showing minor
trace element peaks of Al, Ca, Mg, and K (Table 3.5). Of particular interest is a 35Cl+ peak
located at 35 Da having no isobaric interferences (Appendix D). This peak is absent in the
adjacent crystalline domain. Reconstruction of the data shows a complex network of

discrete nanoscale domains decorated in incompatible elements Al, Ca, Mg, K and Cl (Fig.
3.6). However, a chemical heterogeneity is observed between two discrete domain types.
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Table 3.5. APT elemental compositions measured for the metamict domain of Martian zircon F22576 in NWA 7475.
R52_147517: metamict zircon 22576
Matrix only
Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl
K
Na

Composition
(at.%)
18.08%
17.40%
63.87%
Composition
(ppma)
1799
1578
438
1263
BDL
333
290
53
104
297
157
-

± 1σ
0.02
0.02
0.03
± 1σ
14
13
7
12
BDL
6
6
2
3
6
4
-

Trace element rich domain
(1)

Trace element rich domain
(2)

Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl
K
Na

Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl
K
Na

Composition
(at.%)
18.60%
16.62%
63.37%
Composition
(ppma)
1470
2034
1210
4164
BDL
1309
2208
BDL
BDL
1919
BDL
-

± 1σ
0.10
0.09
0.18
± 1σ
74
105
81
150
BDL
84
109
BDL
BDL
102
BDL
-

Composition
(at.%)
17.54%
17.73%
63.31%
Composition
(ppma)
1520
1935
589
4314
BDL
2345
1460
BDL
BDL
223
1242
-

± 1σ
0.05
0.05
0.1
± 1σ
47
53
29
80
BDL
59
46
BDL
BDL
18
43
-

Al-Si-rich cluster
(3)
Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl
K
Na

Composition
(at.%)
14.31%
22.36%
63.00%
Composition
(ppma)
1297
1445
837
11166 (1.12%)

BDL
564
218
BDL
BDL
321
336
-

± 1σ
0.07
0.09
0.16
± 1σ
71
75
59
209
BDL
47
29
BDL
BDL
27
36
-

C.
Level
A
A
A
C.
Level
A
B
C
C
C
B
C
B
B
C
B
B

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection limit: k2 + 2k√(2B) (Currie 1968) where k = 1.645
(95% confidence level) and B represents background; (-) signifies no identifiable peak.
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Fig. 3.6. APT atom maps of a single specimen (R60_147517) sampled from a metamict
domain of zircon F25776 showing a complex network of discrete nanoscale domains
decorated in Al, Ca, Mg, K, and Cl. Absent is the well-ordered nanoscale structures
observed in high-temperature tectonic and shock metamorphosed zircon on Earth.
Sub-domains 1-3 correspond to the compositions reported in Table 3.5.
The first type appears as shapeless (i.e., clouds) regions (up to 80 nm in length) enriched
in Ca, Mg, K, Al (≥0.1 at.%) and minor amounts of Fe, Mn, Ti (ppma). APT concentration
of major elements within this domain are typical of zircon (~17 at.% of Si and Zr).

Moreover, clustered Cl (20 nm, 0.2 at%) appears together with the large 80 nm zone.
The second type of domain appears as 40 nm diameter clusters decorated in Al (1 at.%)
and minor amounts of Ca, Mg, P, K, Cl (ppma), however are also enriched in Si relative to
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the bulk matrix (up to 22 at.%) compensated by a decrease in Zr (down to 14 at.%).
Altogether, this chemical heterogeneity and unusual structure appear different from other
studies where well-ordered nanoscale structures are observed in high-temperature tectonic
and shock metamorphosed zircon (Piazolo et al. 2016; Reddy et al. 2016).

3.5. Discussion
The APT results are discussed here in order of their interpreted chronology from oldest to
youngest; the trace element compositions of primary igneous domains of zircon and
baddeleyite from earliest Mars are compared to terrestrial counterparts. The secondary,
nanoscale features are then attributed to different episodes, and processes, of fluid-related
alteration of the Martian crust before and after breccia lithification.

3.5.1.

Primary Martian zircon and baddeleyite compositions

The estimates of major and trace elements in the primary domains of baddeleyite (2 grains)
and a single zircon grain compare favorably to primary, unaltered terrestrial grains. For
zircon, abundances of Hf (≥0.1 at.%), Y, and P (1000-10 ppm) are analogous to terrestrial

grains, such as zircon standards BR266 (Reinhard et al. 2017) and GJ-1 (Piazolo et al.
2017), as well as the Hadean age Jack Hills zircon 01JH36-69 (Valley et al. 2014). For
baddeleyite, the most predominant trace impurities measured by APT for terrestrial grains
are Hf, Nb, Fe (~3000-100 ppm; Reinhard et al. 2017; White et al. 2017). This is consistent
with atomic concentrations measured by APT for igneous Martian zircon and baddeleyite
from the polymict breccia. The low abundances (i.e., measuring below detection limits) of
most trace elements and the homogeneous distribution of detected species in both primary
zircon and baddeleyite are consistent with the overall low shock state (<20 GPa) of these
accessory phases (i.e., absence of diagnostic shock microfeatures) (Moser et al. 2019).
Moreover, the nearly identical APT mass spectra and chemical abundances for the igneous
Martian zircon and baddeleyite and their terrestrial counterparts suggest that these APT

data serve as a reference point for identifying primary, unaltered grains in Martian
meteorites. Any additional variations in nanostructure and chemistry of Martian igneous
zircon and baddeleyite, such as elevated APT concentrations of incompatible trace
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elements and/or the nanoscale clustering of such elements, likely indicate alteration by
secondary processes.

3.5.2.

Aqueous alteration of zircon

Results from the altered zircons are interpreted as evidence for early and late aqueous

alteration that occurred during the two periods of quiescence prior to- and following the
1.4 Ga metamorphic disturbance (Fig. 3.7). The atom maps of the skeletal zircon crystal
clast F13363 are derived from entirely crystalline domains (i.e., sharp EBSD diffraction
patterns) which are apparently free of secondary alteration. The APT specimen from the
crystalline zircon however exhibit nanofeatures containing metals and alkalis common in
the basaltic Martian crust as elongated discontinuous curvilinear features (Fig. 3.4). We
know of no comparable nanoscale or microscale features with this form and suite of trace
element compositions in zircon, and none that have formed in non-metamict domains.
Previous work on terrestrial zircon has shown the significance of thermal metamorphism
of previously radiation damaged domains (Valley et al. 2014; Peterman et al. 2016) and
mineral defects (Piazolo et al. 2016) as a mechanism for nanoscale concentration of trace
elements such as Y and U. However, in our case, our sample area is not associated with
present or earlier radiation-damage. We suggest that these impurities were introduced by
fluids and along pathways created during a dynamic metamorphic event on Mars,
subsequently annealed, and trapped in the lattice when the zircon clast was later exposed

to conditions above the self-annealing temperature of zircon (>250 C) (Meldrum et al
1999). Opportunities for such an annealing event could have occurred during a dynamic
event prior to breccia formation, or during the ~1.4 Ga sintering of the matrix during the
breccia annealing event (McCubbin et al. 2016a) and lithification (Fig. 3.7). These results

are in line with other textural evidence for early hydrothermal alteration in the breccia such
as magnetite veins that crosscut igneous clasts that are emplaced in a larger protobreccia
(i.e., a generation of Martian regolith that formed prior to incorporation into the of breccia)
(McCubbin et al. 2016a). Rare-earth-element (REE) phosphates (i.e., monazite and
xenotime) in the breccia also show that fluid-mineral reactions occurred in the source crust
before its incorporation into the breccia (Liu et al. 2016).
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Fig. 3.7. Chronologic timeline of major dynamic events experience by the source crust(s) of the Martian polymict breccia
meteorites modified from the timelines of Cassata et al. (2018), Guitreau and Flahaut (2019), and Costa et al. (2020). The nature
and timing of events are inferred by published isotopic evidence, as well as new micro- and nanoscale phenomena reported here.
Published works include: Humayun et al. (2013); Cartwright et al. (2014); Tartése et al. (2014); Yin et al. (2014); Bellucci et al.
(2015); Liu et al. (2016); McCubbin et al. (2016a); Nyquist et al. (2016); Cassata et al. (2018); Guitreau and Flahaut (2019);
Moser et al. (2019); Lindsay et al. (2021).
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3.5.3.

Late aqueous alteration(s)

Most of the alteration features we measured in baddeleyite and zircon can be assigned to
be syn- to post- breccia formation based on textural evidence involving the surrounding
grains and assemblages and broadly linked to the protracted period of metamorphism at

1.4 Ga.

3.5.3.1. Secondary zircon reaction rim
The zircon reaction rim observed around the bimineralic clast of baddeleyite F28471
intergrown with ilmenite is thin, discontinuous, and is enriched in non-formula elements
(e.g., Ca, Mg, Al, Fe). Zircon rims around baddeleyite have been reported in a Martian
shergottite, a by-product of Si released upon quenching of localized shock melt pockets

adjacent to baddeleyite grains (Moser et al. 2013). In terrestrial settings, the presence of an
alteration rim of zircon replacing the perimeter of a crystalline baddeleyite core has been
shown to indicate that a reaction between zirconia (ZrO2) and free silica can occur during
metamorphism or late hydrothermal alteration (Heaman and LeCheminant 1993). Given

the remarkably mild shock metamorphic state of NWA 7475 and paired stones compared
to shergottite NWA 3168, and the absence of any secondary melting bodies or textures, we
interpret this as a product of low-grade metamorphism. The rim has grown around both
baddeleyite and ilmenite after the latter had fractured into a crystal clast indicating that it
is syn to post formational. A Martian origin is deduced from the fact that the rim is crosscut by open, launch-related fractures. We thus interpret its age to be concomitant with
lithification of the breccia or at some point post-lithification (Fig. 3.7). Given the
thermochronology sequence described above, fluid flow is most likely during the closing
stages of the suevite-like breccia cooling and solidification, with perhaps waste heat from
the cooling, impactites generating local thermal and fluid flow gradients.
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3.5.3.2. Trace elements from hydrothermal alteration of metamict

zircon
Our results from a single zircon grain (F22576) are an example of dramatic variation in
structure and composition across adjacent crystalline and amorphous domains at the
nanometre scale related to different states of radiation damage. APT data for the crystalline
domain reveals a homogeneous distribution of major and trace elements that is nearly
identical to the primary Martian zircon (see above), including a mass-to-charge peak of Li+
that is similar to the terrestrial Hadean age Jack Hills zircon 01JH36-69 (Valley et al. 2014).

The homogeneous distribution of major elements (Zr, Si, O), and trace amounts of Y, and
P are similar to our primary Martian zircon composition. In contrast, the region of
amorphous zircon directly adjacent to the crystalline host reveals a chemically
heterogeneous distribution of trace elements incompatible in the zircon lattice (i.e., Al, Mg,

Ca, Cl, K) dispersed amongst regions of homogeneous, crystalline zircon. In terrestrial
zircon, metamict domains in exchange with aqueous fluids are shown to be enriched in
these same non-formula elements, that help to locally stabilize the amorphous state (Geisler
et al. 2003). It is likely that the structural recovery of the amorphous domain in our zircon
resulted in a type of nanocrystalline structure (Utsunomiya et al. 2007) that would have
reduced the percolation and trap elements that are incompatible in the zircon lattice into
nanoscale amorphous domains. The unusual structure appears different from the wellordered trace element clustering and linear structures observed in the skeletal zircon grains
(see above), suggesting that this type of heterogeneous, unstructured trace element
clustering may be common in zircon during low-temperature aqueous alteration processes.
Of particular interest in the metamict zircon are nanoclusters enriched in Cl (~0.2 at%) and
K (~0.1 at%) that indicate an interaction with Cl- and K-rich hydrothermal fluids at some
point in the long history of such crystal clasts. We cannot say when the metamict stage was
reached but given that such amorphous domains routinely give discordant U-Pb results
reset during a major thermal event at 1.4 Ga (Hu et al. 2019; McCubbin et al. 2016a), we
can estimate that the zircon was metamict by this time (Fig. 3.7). The enrichment of
potassium in the metamict zircon by enriched fluids syn- to post- breccia formation shows
additional evidence for K-melts and/or brines at the Martian surface that could have
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provided the reactive species necessary for other secondary mineralization reactions in the
breccia, such as observation of hyalophane (Ba-, K-feldspar) veins, i.e., a hydrothermal
phase seen in terrestrial environments, crosscutting vitrophyric clasts (Hewins et al. 2017)
and alkali-enriched impact melt spherules (Humayum et al. 2019; Sillitoe-Kukas et al.
2019), K-rich alteration products preserved in shocked pyroxene (MacArthur et al. 2019),

and accessory pyrite generated by hydrothermal activity onset by thermal metamorphism
(Lorand et al. 2015; Wittmann et al. 2015; Liu et al. 2016), providing further constraints
on the possible timing of these secondary reactions.

3.6. A tool for recovering the crustal fluid history of Mars
Alteration histories preserved in zircon and baddeleyite grains at the nanometre scale show
evidence for at least two periods of low temperature aqueous alteration of the shallow
Martian crust over its >4.4 Ga crustal evolution history. The monotonic decline on
impactors after 4.43 Ga (Moser et al. 2019) led to an 3.0 Ga period of quiescence that
result in a relict source terrane for the polymict breccia that remained under the selfannealing temperature of zircon (<250 C) until protracted metamorphism at 1.4 Ga.

During this broad quiescence, a part of the source crust of the breccia experienced alteration
by a combination local metamorphism and exposure to compositionally distinct aqueous
fluids. It is proposed that these features were preserved through the later annealing of the
altered microfractures. A second, younger period of aqueous alteration, most likely

concluding the major thermal event at 1.4 Ga (Lindsay et al. 2021 and references therein),
is also recorded in our mineral evidence (i.e., zircon reaction rim and compositionally
distinct fluids in metamict zircon domains). Moreover, it is clear that zircon and
baddeleyite preserve long-lived nanoscale features rich in novel geochemical and
microstructural information. With continuing advances in APT, including more accurate
measurement of D/H ratios under cryogenic conditions (Perea 2020), additional insights
into Mars fluid compositions are becoming feasible. Our results demonstrate the value of
nanoscale analysis of samples from future Mars return missions to complement analyses
conducted at larger length scales while revealing new features which challenge our
understanding of processes at or near the Martian surface.
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Chapter 4

4 Microstructural geochronology of Martian metamorphic
zircon in a melt clast from polymict breccia meteorite
Northwest Africa (NWA) 7475
4.1. Introduction
Given the rarity of samples of Mars, and the planned, first return of samples from current
rover missions, the development of a full suite of methods for extracting maximum
information from Martian material with minimal destruction is an important component in
efforts to increase understanding of Martian evolutionary similarities and differences with
respect to neighboring planets. The types of information to be gained include the nature
and timing of high and low temperature metamorphic events as well as shock metamorphic
processes, and their respective roles in shaping the Martian interior and surface. Most
Martian meteorites are young, having formed during the early to late Amazonian (<2.50
Ga) (i.e., SNC meteorites, e.g., Udry et al. 2020 and references therein). Allan Hills (ALH)
84001, an orthopyroxene cumulate, and igneous clasts in Northwest Africa (NWA) 7034
and its paired stones, a polymict regolith breccia, are the exceptions, yielding Noachian
lithologies of 4.1 Ga and >4.4 Ga respectively (e.g., Lapen et al. 2010; Humayun et al.
2013; Nyquist et al. 2016; McCubbin et al. 2016; Bouvier et al. 2018; Cassata et al. 2018;
Costa et al. 2020). Moreover, the crystallization ages of Martian meteorites roughly span
the age of the planet. Yet, the absence of recorded ages and/or secondary alteration from

the Noachian to the Early Amazonian leaves a significant gap in the Martian crustal record
during this period. To address this issue, we can turn to the accessory phase’s zircon
(ZrSiO4) and baddeleyite (ZrO2), the oldest known Martian minerals hosted in polymict
breccia meteorites, which are capable of preserving the highest-fidelity record of thermal

and shock perturbations that are otherwise erased from the rock record (e.g., Moser et al.
2011, 2013; Darling et al. 2016; White et al. 2018).
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Zircon and baddeleyite phases from the Martian polymict breccia indicate predominantly
low-grade (<10 GPa, <450 °C) shock and thermal conditions over the past >4.43 Ga for
the crustal terrane that sourced the igneous clasts in the breccia (Moser et al. 2019). This
is in line with the high-precision U-Pb dating of zircon that preserve ancient, concordant
ages of 4.476 ± 0.001 Ga and 4.429 ± 0.001 Ga (Bouvier et al. 2018), and as old as 4.382

± 0.060 Ga for baddeleyite (McCubbin et al. 2016), interpreted to have crystalized from
the remelting of a primordial, andesitic crust by two main episodes of impact bombardment
(Costa et al. 2020). The monotonic decline on impactors after ~4.43 Ga (Moser et al. 2019)
preceded a ~3.0 billion-year-long period of quiescence for the relict terrane that sourced

the breccia (Cassata et al. 2018). Disturbed, “younger” U-Pb ages measured in metamict
zircon and phosphates, together with textural evidence from the breccias groundmass
material, suggest that the breccia underwent a single pervasive thermal event (500-800 °C)
at ~1.4 Ga that coincides with rainout and lithification of the breccia following an impact

event(s), and partial exchange with crustal fluids (Wittmann et al. 2015; Liu et al. 2016;
McCubbin et al. 2016; Barnes et al. 2020; Davidson et al. 2020). Lithification of the
breccia during a later or earlier event cannot be ruled out (Cassata et al. 2018; Costa et al.
2020), however, temperatures must have not exceeded 250 °C for long without resetting
the 1.40 Ga step ages recorded by the 40Ar/39Ar system in K-rich samples (Lindsay et al.
2021). Nevertheless, it is evident that at least two intervals of hydrothermal fluid activity
were active as early as ~1.4 Ga and a subsequent event at <225 Ma (McCubbin et al. 2016;
Cassata et al. 2018; Guitreau and Flahaut 2019). However, given the thermal overprinting
of the source rocks of the breccia during regional metamorphism at ~1.4 Ga, much of the
earlier signatures of secondary alteration (pre-brecciation) have been erased.
Relatively little attention has been paid to the evidence for secondary, high temperature
phenomena in the early Mars crust. Even though planet shaping impacts (~1000 km size
bodies) are now believed to have been delivered very early, in first 100 m.y., major impacts
(20 to 100 km in diameter) would have continued periodically post 4.4 Ga (Abramov and
Mojzsis 2016) and created large, localized regions of impact melt and associated impactites
(suevites, melt-laden breccias). The resulting regolith would have some similarities to lunar
regolith and textural reworking produced by ‘impact gardening’(e.g., Hartmann et al. 2001;
Liu et al. 2019). Some evidence of early bombardment has been recorded in the Martian
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polymict breccia meteorites, such as abundant clast-laden melt rocks, microbasaltic melt
rocks, and spherules (Wittmann et al. 2015; Hewins et al. 2017), and abundances of Ni and
Ir that are higher than typical Martian basaltic rocks yet comparable to lunar breccia
meteorites, indicating a significant impact component (Humayun et al. 2013; Wittmann et
al. 2015). Furthermore, a few shocked zircons reported from the population (nzircon = 95) of

primary, unmodified grains (Moser et al. 2019), and traces of compositionally distinct
aqueous fluids at the nanometre scale in a zircon crystal clast in NWA 7475 (Chapter 2),
providing evidence for a localized, dynamic history prior to the grain’s incorporation into
the breccia. The ages of these melt clasts and secondary features however are not well

constrained. Here, we present a detailed look at the mineral texture, microstructure, and
chemical composition of an igneous baddeleyite from the earliest of Mars, sampled from a
melt-laden clast re-deposited within polymict breccia NWA 7475, that exhibits multiple
generations of secondary alteration, to provide insight on the polycyclic history of

secondary high temperature processes on the ancient Martian surface prior to the
amalgamation of the breccia.

4.2. Materials and methods
The Martian polymict breccia meteorites are interpreted as melt-rich breccia (Agee et al.
2013; Humayun et al. 2013) that comprise of a variety of clasts of melt rock, melt spherules,
sedimentary clasts, and igneous lithic and mineral fragments set in a fine-grained

crystalline matrix (e.g., Wittmann et al. 2015; McCubbin et al. 2016; Hewins et al. 2017).
Petrographic descriptions of igneous clasts show single mineral clasts composed of
clinopyroxene, orthopyroxene, plagioclase, K-rich alkali felspar, Ti-Fe oxides, Cl-rich
apatite, and zircon and baddeleyite accessory phases. Polyphase clasts are composed of
holocrystalline igneous textures with the same minerology as the single-mineral clasts or
vitrophyric clasts that appear to be quenched, partially crystalized melt products. These
clasts are believed to represent lithified portions of early Noachian regolith, from the
southern highlands of Mars (Wittmann et al. 2015; Hewins et al. 2017), that had
experienced various degrees of secondary alterations (e.g., Nemchin et al. 2014; McCubbin
et al. 2016). Here, we analyze a single baddeleyite grain (F14987) located within a lithic
clast from the Martian polymict breccia NWA 7475, having been selected from the
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population of grains previously analyzed by Moser et al. (2019). We present a detailed look
at the complex microstructure and metamorphic rection texture of the relict baddeleyite
using atom probe tomography (APT) and correlative electron microscopy, to determine the
nature of secondary processes that altered the ancient crustal terrane that hosted the
accessory phases now distributed throughout the breccia.

4.2.1. Electron microscopy (SE, BSE, EDS, CL, EBSD)
Electron microscopy of a polished thick section of the Martian polymict breccia NWA
7475 was carried out at the University of Western Ontario’s Zircon and Accessory Phase
Laboratory (ZAPLab) using a Hitachi SU6600 field emission gun–scanning electron
microscope (FEG–SEM). The target baddeleyite grain (F14987) was initially located and
imaged using a combination of automated backscatter electron (BSE) imaging and energydispersive X-ray spectroscopy (EDS) within Oxford INCA’s Feature mapping routine
(Moser et al. 2011). EDS and BSE imaging were carried out with an Oxford X-mas 80
mm2 silicon drift detector and a five-segment solid-state detector, respectively, using an
accelerating voltage of 15kV. Colour cathodoluminescence (CL) images were captured
with a Gatan ChromaCL red-green-blue (RBG) plus ultraviolet detector and Gatan Digital
Micrograph software using a 10 kV electron beam. Microstructural electron backscatter
diffraction (EBSD) orientation data were captured with an Oxford Nordlys detector and
HKL’s Channel5 software to determine the crystallinity, lattice orientation microstructure,
and any phase-transition heritage. EBSD parameters follow previous reported analytical
conditions of Moser et al. (2019) with the sample titled 70° and raised to a working distance
of 19.0 mm. A 20 kV beam was used to generate electron backscatter diffraction patterns
(EBSP) that were captured using camera settings of 24 ms/frame acquisition time, 4x4
pixel binning, and a beam step size of 125 nm. EBSP patterns were indexed using a
minimum and maximum of 5 and 7 Kikuchi bands respectively, and a Hough
transformation resolution setting of 60. To avoid the indexing of poor-quality EBSP, a
value of 1 was set for the mean angular deviation (MAD) discriminator, above which data
points were assigned a zero solution. Post analysis noise reduction processing was not
applied to any of the data sets other than to remove erroneous ‘wild spikes.’
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4.2.2. Atom probe tomography (APT)
APT specimens were prepared for the zircon reaction rim replacing baddeleyite F14987
using a Zeiss NVision 40 SEM equipped with a focused Gallium ion beam at the Canadian
Center for Electron Microscopy (CCEM). A rectangular liftout was extracted from the
polished surface of the rim following standard liftout and mount procedures (e.g., Larson
et al. 1999; Thompson et al. 2007; Miller and Russell 2007). Subsequent milling using a
Helios G4 UXe DualBeam Plasma FIB at CCEM was performed to sharpen multiple
needle–shaped specimens using a series of annular mills with decreasing inner radii (<100
nm). A final low voltage (<5 kV) milling step can be performed to remove the regions of
material damaged by gallium implantation (Thompson et al. 2006).
Prepared specimens were analyzed using a CAMECA® Local Electrode Atom Probe
(LEAP) 4000 X HRTM housed at CCEM. Acquisition parameters follow those reported for
the optimization of APT analysis of zircon (e.g., Saxey et al. 2017) with operating
conditions summarized below. Field evaporation of each specimen was facilitated by
applying a high electric potential to the tip under an ultrahigh vacuum (10-11 torr) and
cryogenic conditions (~50 K). The evaporation of ions is controlled by pulsing a 355-nmwavelength ultraviolet laser (100 pJ, 200 kHz) onto the apex of the specimen and gradually
increasing the voltage (c. 3-10 kV) to maintain and average ion detection rate per pulse.
Real-time measurements of the mass-to-charge ratio of the evaporated ions are then

determined through time-of-flight mass spectrometry by measuring their time from field
evaporation to their detection on a position-sensitive detector and equating it to their
theoretically acquired kinetic energy. A spatial reconstruction is created by projecting the
ions back to the specimen tip and considering the sequential order of evaporation.

Additional details on data acquisition with the local electrode atom probe are described
elsewhere (Gault et al. 2012; Larson et al. 2013).
Data reconstruction and ranging of mass spectra were conducted using the AP Suit 6TM

IVAS software from CAMECA®. Spatial reconstruction parameters are based on prior
experiments on reference zircon (e.g., Piazolo et al. 2017; Reinhard et al. 2017; Saxey et
al. 2017). A mass resolving power of ~1000 (m/Δm, FWHM) was measured at the 16O+
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peak for each spectrum, typical of the highest resolution obtained for zircon using a LEAP
4000X HRTM (Saxey et al. 2017). This provides a sufficient means to correctly identify an
ambiguous peak having no significant overlaps. Ranging of induvial mass-to-charge peaks
was conducted manually, set by eye from baseline to bassline to encompass the entirety of
the visible portion of each peak (White et al. 2017a). Background counts were calculated

for each ranged peak using the local range–assisted background model in IVAS (Oltman
et al. 2009) by extrapolating the spectrum counts outside the peak linearly within the
defined range. Corrected ionic counts were then calculated through the subtraction of
background counts from the raw ionic counts. Final uncertainties on the background–

corrected peaks were propagated using the absolute raw and background counting statistic
errors (√counts), as outlined in detail by White et al. (White et al. 2017a). The minimum
detection limit is ~10 ppma (parts per million atoms) per peak; however, this is largely
dependent on the position of the peak and the local background counts. All acquisition

parameters and spatial reconstruction parameters have been outlined following
recommendations of Blum et al. (2017) for reporting APT data of geological materials
(Appendix B).

The compositions of sub-domains were isolated using 0.5 at.% isoconcentration surfaces
of target trace element species unless otherwise stated. To achieve stoichiometric values
for zircon, the majority of the 28 Da peak is assigned as Si+, as commonly identified in
APT spectra for both igneous and metamorphic zircon. However, a small peak of Fe2+ at

28 Da is likely. To avoid this overlap in discriminating between in Si- and Fe-rich clusters,
we identified clusters by creating isosurfaces using 14 and 14.5 Da peaks of Si2+, and the
predominate peak of Fe as FeO+ at 72 Da. A similar discrimination was done for Al+ and
Fe2+ at 27 Da, using Al2+ (13.5 Da), Al3+ (9 Da), AlO+ (43 Da), and AlO2+ (21.5 Da).
Relative isotopic abundances for each species were further used to deconvolute peak
overlaps when measuring compositions (e.g., London et al. 2017). All elemental species
were further assigned a confidence level (e.g., A-C) following the protocol of Reinhard et
al. (2017) to clearly express the level of uncertainty in ranging. Concentration profiles were
generated for each sub-domain using either a rectangular ROI that transect the diameter of
the cluster or a proxigram generated across the selected isosurface of interest. All peaks of
other major and minor elements are shown in Appendix D.
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4.3. Results
4.3.1. Textural context
Compiled BSE images of the meteorite surface surrounding baddeleyite-zircon F14987
shows that the feature is situated in a ~ 2 mm diameter domain distinguished by its
generally coarser grain size relative to that of the matrix (blue arrows, Fig. 4.1b). This grain
size discontinuity defines an oblong, rounded domain matching previous characteristics of
a clast in the polymict breccia (Wittmann et al. 2015). The clast consists of a subophitic
groundmass of interlocking laths of Na-plagioclase (~10x2 𝜇m), pyroxene (~10 𝜇m), and
Fe-Ti oxides phases (≤10 𝜇m). Within this groundmass, ~10% of the surface area is
comprised of larger, angular to rounded micro-xenoliths made up of Na-plagioclase (10100 𝜇m) and pyroxene (<50 𝜇m) coarser than counterpart groundmass minerals (Fig. 4.1c).
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Figure 4.1. (a) Backscatter electron image (BSE) of a polished thick section of the
Martian polymict breccia NWA 7475 and (b) the location of a crystalized impact melt
clast emplaced within the fine-grained groundmass of the breccia (blue arrows). (c)
Higher magnification BSE image of the melt clast (b) showing a subophitic texture of
plagioclase laths (dark grey) and pyroxene (medium grey) melt matrix (highlighted
in white box) that contains larger angular xenoliths of plagioclase (Plag), pyroxene
(Px), and the target baddeleyite-zircon bimineralic clast (white-light grey).
Altogether, the assemblage is interpreted as a clast-laden melt rock (Hewins et al. 2017).
The bimineralic grain F14987 composed of baddeleyite and zircon appears to be
xenocrystic as it has sharp, straight, angular grain margins against the groundmass,
indicating the inclusion of older fragments of ancient Mars crust that was part of the target
rock sequence that produced the melt components.

4.3.2. Electron microscopy and microstructure of the baddeleyite core
Different aspects of the growth history and deformation microstructure of the baddeleyite
core of F14987 are revealed by electron microscopy (SE/BSE, CL and EBSD). The BSE
image (Fig. 4.2a) reveals early and late fractures cross-cutting the baddeleyite; with early
fractures filled by zircon (medium grey, see also below) and a couple late, open fracture
cross-cutting the whole of the feature and connecting to similar fractures in the groundmass
(yellow arrows, Fig. 4.2a).
CL patterns is a proxy for trace element zoning and defect density, and in this case shows
the blue-green emission typical of baddeleyite (Fig. 4.2b). Also revealed is a grain scale
structure of a darker core and brighter outer regions, and, at shorter length scales, subtle
linear structures pervasive in all domains. One linear bright zone bifurcates to give the
appearance of original concentric zoning (Fig. 4.2b). Weak, planar banding subparallel to
the long axis of the grain is, however, dominant. The more magenta zircon, seen in the rim,
is also clear as dark transverse feature representing a zircon-filled fracture at the mid-point
of the core domain (red arrow).
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Figure 4.2. (a) BSE and (b) CL images of the target baddeleyite F14987 partially
replaced by a reaction rim of zircon around its margin and in fractures (red arrow),
showing variations in BSE contrast across the rim (orange arrow) and open fractures
crosscutting the whole of the feature and connecting to similar fractures in the
groundmass (yellow arrows). (c) EBSD phase map and (d) band contrast map
showing changes in lattice orientation and crystallinity across the baddeleyite core
and zircon rim (white dotted line). The locations of the atom probe liftout and two
specimens in (a) are indicated by the black dotted box and blue circles, respectively.
The EBSD mapping confirms the ZrO2 as monoclinic baddeleyite (Fig. 4.2c) and reveals
two general categories of orientation microstructure .Variations in band contrast (BC), a
quality factor that describes the average intensity of the Kikuchi bands within individual
Electron Backscatter Patterns, are a useful proxy for changes in lattice orientation across a
grain, and as a proxy for crystallinity (Darling et al. 2016). The BC texture in the
baddeleyite, are associated with multiple generations of relict twinning shown by highresolution EBSD analyses (Fig. 4.2d; Fig. 4.3). The first generation of twins appear to run
the length of the grain (i: Fig. 4.3) displaying magmatic twin relationships of 180°/ <001>,
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Figure 4.3. EBSD map of Euler angles of baddeleyite lattice and colour correlated

pole figures showing multiple domains of twin lamellae in different orientations and
associated colour (i-iii). Types of twin domains include (i) primary reversion twinning
due to post-magma cooling and transformation to monoclinic baddeleyite, i.e., 180°/
<001>, 18°/ {001}, (ii) 90°/ <001> rotation relative to the host baddeleyite, and (iii)
mosaic of interlocking, orthogonally related twinned domains typical of pressureinduced phase transformation and reversion. Pole figures are equal area and lower
hemisphere plots in the EBSD x-y-z reference frame.

18°/ {001} relative to the host baddeleyite. The igneous baddeleyite core and magmatic
twins are then crosscut by a second generation of twins, oblique to the previous magmatic
variety (ii: Fig. 4.3), displaying a 90°/ <001> rotation relative to the host baddeleyite. All
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domains are then overprinted by a mosaic of interlocking, twinned domains (iii: Fig. 4.3)
that form orthogonally related groups of crystallographic orientations in <100>, <010>,
and <001> pole figure. Misorientation between twin boundaries are defined by 180° /
<001>, <101>; 90° / <001>, <100>; 115° <111> relationships. Misorientation within twin
domains appear to be exhibit low degrees of strain (<3°). Overall, the microstructure is

consistent with an igneous grain that exhibits domains which preserve the common primary
reversion twinning due to post-magma cooling and transformation to monoclinic
baddeleyite. Interspersed and crosscutting are secondary domains indicative of one or more
episodes of later pressure-induced phase transformation and reversion.

4.3.3. Electron microscopy and microstructure of zircon rim domain
Within F14987, the 15 µm wide core of baddeleyite is surrounded by a ~15 µm wide rim
of metamorphic zircon. BSE images (Fig. 4.2a) show that the baddeleyite-zircon contact is
characterized by smooth embayments, reentrant boundaries and linear fractures, and zircon
also fills a transverse fracture at the mid-point of the relict baddeleyite core (red arrow, Fig.
4.2) Texturally, the zircon-filled fractures appear to crosscut all generations of twins in the
baddeleyite. Moreover, baddeleyite-zircon boundary is not continuous but is interrupted at
fractured grain margins. Subtle grey-scale variations within the zircon rim reveal a granular
texture at the scale of several micrometres (e.g., near orange arrow, Fig. 4.2a). Modern,
open fractures which crosscut the zircon rim appear to follow the margins of granules.
CL emissions of the zircon rim (magenta, Fig. 4.2b) reveal a grain scale structure of inner
luminescent domains (5-10 µm in length) in closest proximity to the baddeleyite core
surrounded by a non-luminescent outer domain (up to 10 µm in length). At shorter length
scales, more subtle variations in luminescence are ubiquitous within the inner domain.
EBSD mapping of the zircon rim shows variation in crystallinity with zircon aggregates
closest to the baddeleyite core surrounded by a region of non-diffracting zircon. Band
contrast mapping (orange arrow Fig. 4.2d) that appear to correlate to differences in lattice
orientations in the EBSD map (Fig. 4.4) with brighter BC domains representing
polycrystalline, subrounded to anhedral crystalline aggregates with sizes ranging from 600
to 1 µm2. Black areas in BC maps in the rim indicates regions that did not index due to
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poor quality diffraction patterns, which could indicate radiation damage or complex
nanoscale structure at length scales less than EBSD interaction volumes (<100 nm)
(Darling et al. 2016). We believe the latter is more likely as BSE images of the zircon rim
does not show the “spongy” or microporous texture characteristic of metamict zircon. On
the other hand, the slightly brighter grey-scale domains in the BSE image spatially correlate

to brighter CL emission and BC values suggesting the intervening domains, dark in CL,
are slightly different in terms of crystallinity and/or chemical composition. Misorientation
values between granules in the zircon rim are ≥10° (thick black lines) and show no
systematic misorientation relationships (Fig. 4.4). Internal deformation across individual

aggregates was minimal (~1°) and approaching the detection limit.
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Figure 4.4. (a) EBSD map of a zircon reaction rim around baddeleyite. Thin and thick
black lines represent ≥ 1° and ≥ 10° grain boundaries respectively. (b) Colour
correlated pole figures of zircon aggregates show no systematic misorientation
relationships. Pole figures are equal area and lower hemisphere plots in the EBSD xy-z reference frame. (c) Histogram of grain sizes for zircon aggregates ranging from
<1 µm2 up to >100 µm2.

4.3.4. APT of zircon rim domain
Atom probe analyses of two specimens of zircon sampled from the polycrystalline reaction
rim, yield complex but nearly identical mass-to-charge spectra relative to magmatic
primary zircon (Chapter 2; Appendix D); however, show an enrichment in minor trace
element peaks of Al, Ca, Mg, Fe, Ti. Atoms of the major elements of zircon (Zr, Si and O)
account for 99% of detected ions with only small deviations (a few at.%) from
stoichiometric values (e.g., 66.5 at.% O, 16.7 at.% Zr, and 16.7 at.% Si), a common
occurrence for APT measurements reported for zircon (see Chapter 1, section 1.5.3.4). Hf
is the most predominant impurity with concentrations typical to those measured for zircon

by APT (e.g., 0.1-0.2 at.%).
Atom maps for the first specimen (R47_02873) show these elements segregated
heterogeneously into two cluster types. The first are shown by the segregation of Al ions
into flatten ellipsoid clusters (Fig. 4.5a-b) up to 80 nm in diameter, and on average, 10 nm
in thickness. A 1-D concentration profile generated from a rectangular ROI set through the
length of the largest Al-rich cluster shows an ~20 nm-wide gradient in which a decrease in
Zr concentrations are compensated by an increase of Al (~2 at.%) and Si (up to 30 at.%)
(Fig. 4.5d). Contents of Ca (15x), Mg (7x), Fe (5x), Ti (2x), and Cl (3x) are also measured
in the clusters enriched relative to matrix (Table 4.1). The second type of segregation
appear as ~10 to 30 nm diameter clusters, some more elongated relative to others, decorated
in Fe (~2 at.%) and Ti (~0.7 at.%), plus, contents of Al (18x), Mg (13x), P (6x), and Y
(3x) enriched relative to the matrix (Table 4.1). The Fe-rich clusters are heterogeneously
distributed throughout the tip (Fig. 4.5c, e), but do not show a direct correlation to the
adjacent Al clusters.
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Table 4.1. APT elemental compositions for specimen 1 (R47_02873) from a metamorphic zircon rim around baddeleyite.
Specimen R47_02873
Matrix only
Ion
Composition
Type
(at.%)
Zr
18.57%
Si
17.20%
O
63.91%
Ion
Composition
Type
(ppma)
Hf
1866
Y
145
P
206
Al
233
Fe
104
Ca
69
Mg
205
Mn
14
Ti
222
Cl
124

± 1σ
0.01
0.01
0.03
± 1σ
12
3
4
4
3
2
4
1
4
3

Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl

Al-rich clusters
Composition
(at.%)
12.12%
22.16%
62.88%
Composition
(ppma)
1491
188
330
22458 (2.25%)
530
1035
1393
BDL
507
405

± 1σ
0.04
0.04
0.06
± 1σ
42
15
20
481
25
35
41
BDL
25
22

Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl

Fe-rich clusters
Composition
(at.%)
± 1σ
17.96%
0.08
17.57%
0.08
60.49%
0.17
Composition
(ppma)
± 1σ
1455
66
451
36
1182
59
4269
113
19576 (2.00%)
175
BDL
BDL
2679
90
BDL
BDL
7869
110
BDL
BDL

Confidence
Level
A
A
A
Confidence
Level
A
B
C
C
C
B
C
B
B
C

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection limit: k2 + 2k√(2B) (Currie, 1968) where k = 1.645
(95% confidence level) and B represents background.
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Figure 4.5. APT atom maps of specimen R47_02873 sampled from the zircon reaction
rim showing the heterogeneous distribution of Al and Fe into two discrete types of
nanoclusters (a-c). Segregation of Al ions into ellipsoid clusters up to 80 nm in
diameter (a-b) are associated with a decrease in Zr concentrations and an increase of
Si (d). Migration of Fe into ~10 to 30 nm diameter clusters (c) are shown together with
elevated traces of Ti (e) .
Atom maps for the second specimen (R47_02879) show a similar segregation of Fe (~2
at.%) and Ti (~0.8 at.%), into round to elongated clusters, up to 30 nm in diameter (Fig.
4.6a), along with enrichments of Al (13x), Mg (6x), Y (3x), and P (3x) relative to the matrix
(Table 4.2). Al-rich clusters share a similar chemistry to those in R47_02873 showing
enrichments in Al (2 at.%), Si (20 at.%), and an enrichment of Y (2x), P (1.5x), Mg (6x),
Ca, (13x), Fe (13x), Ti (13x), and Cl (5x) relative to the surrounding matrix (Table. 4.2).
However, these clusters do not share a similar structure to the large ellipsoidal clusters in
R47_02873. Instead, the clusters in specimen R47_02879 appear as “shapeless” domain
near the bottom of the tip comprised of an interconnected network smaller ≤20 nm clusters
(Fig. 4.6b).
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Table 4.2. APT elemental compositions for specimen 2 (R47_02879) from a metamorphic zircon rim around baddeleyite.
Specimen R47_02879
Matrix only
Ion
Composition
Type
(at.%)
Zr
17.96%
Si
17.07%
O
64.62%
Ion
Composition
Type
(ppma)
Hf
1766
Y
284
P
300
Al
216
Fe
103
Ca
83
Mg
222
Mn
20
Ti
214
Cl
108

± 1σ
0.01
0.01
0.03
± 1σ
10
4
4
4
3
2
4
1
4
3

Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl

Al-rich clusters
Composition
(at.%)
13.66%
20.62%
62.40%
Composition
(ppma)
1545
619
457
19555 (2.00%)
1306
1053
1321
BDL
2832
487

± 1σ
0.07
0.08
0.17
± 1σ
65
41
28
235
53
74
61
BDL
85
37

Ion
Type
Zr
Si
O
Ion
Type
Hf
Y
P
Al
Fe
Ca
Mg
Mn
Ti
Cl

Fe-rich clusters
Composition
(at.%)
± 1σ
17.19%
0.04
16.73%
0.04
62.35%
0.10
Composition
(ppma)
± 1σ
1830
60
784
39
926
42
2845
57
22357 (2.24%)
223
BDL
BDL
1399
52
BDL
BDL
8628
87
BDL
BDL

Confidence
Level
A
A
A
Confidence
Level
A
B
C
C
C
B
C
B
B
C

1𝜎 counting statistic uncertainty; C. Level – confidence level (Reinhard et al. 2017); BDL – below detection limit: k2 + 2k√(2B) (Currie 1968) where k = 1.645
(95% confidence level) and B represents background.
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Fig. 4.6. APT atom maps of specimen R47_02879 sampled from the zircon reaction
rim showing two types of chemical clustering, defined by Fe or Al atoms (a-b).
Concentration profiles for Fe-and Ti-rich clusters (c) and Al-rich clusters (d) from (a)
and (b) respectively.

4.4. Discussion
The textural and compositional diversity preserved in polymict breccia meteorite NWA
7475 has been interpreted by many groups as a record of multiple stages of mechanical and
metamorphic modification, and sometimes melting of earliest Mars crust. The
microstructural geochronology of the host of the bimineral baddeleyite-zircon crystal clast,

and internal features in the clast itself, mirror this polycyclic history, particularly for the
three-billion-year time period leading up to creation of the NWA 7475 breccia at 1.4 Ga.
Here we present a step-by-step reconstruction of the baddeleyite and zircon components of
F14987 from oldest to youngest based on a synthesis of micrometre scale electron
microscopy and nanometre scale APT data.

4.4.1. Relict primary features in 4.4 Ga baddeleyite
The structurally oldest domain is the anhedral baddeleyite core to the zircon rim that
preserves primary igneous features (e.g., magmatic twin domains in EBSD). Baddeleyite
is a common accessory mineral in mafic igneous rocks and is the dominant zirconium phase
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in igneous rocks from Mars (Herd et al. 2017). It forms most readily during the late stages
of igneous crystallization from a silica-undersaturated residual melt (e.g., Heaman and
LeCheminant 1993). The oldest lithic clasts that host accessory baddeleyite and zircon in
the polymict breccia meteorites are reported as medium-grained noritic-to-monzonitic
igneous rocks (e.g., Wittmann et al. 2015; McCubbin et al. 2016; Hewins et al. 2017).
Chemical abundances of major impurities of Hf, Fe, and Ti in baddeleyite from these clasts
are measured at ~1.58-2.60 wt.% HfO2, 0.74-1.29 wt.% Fe2O3, and 0.51-0.57 wt.% TiO2
(McCubbin et al. 2016). These are much higher than those reported for baddeleyite in
terrestrial metagabbro, such as those from the Grenville Province, Canada (1.57 wt.%,
HfO2, 0.04 wt.% FeO, 0.11 wt.% TiO2; Davidson and van Breemen 1988). Instead, the
relatively high abundances of Fe and Ti reported for Martian baddeleyite suggest that they
originate from a more highly evolved mafic igneous source rock (Lumpkin 1999). This is
indeed in line with average initial 𝜀Hf values (-0.2 ± 0.4) for igneous zircon from the same
population of lithic clasts that indicate genesis from a basaltic magma produced by
remelting of a primordial crustal source reservoir (Costa et al. 2020). It is likely that the
baddeleyite has a similar paragenesis, given that it has a U-Pb crystallization age range that
is similar to zircon (ca. 4.4 Ga; McCubbin et al. 2016), and is known to solidified from
mafic magmas earlier in a crustal differentiation sequence (Herd et al. 2017). Although we
cannot distinguish between an endogenetic or impact generated (exogenic) source magma
due to the absence of an original external surface to our baddeleyite clast, an early history
is mandated by the existence of the igneous baddeleyite that must have crystalized prior to
its emplaced in a younger generation melt clast, i.e., shown by the fractured margins of the
bimineral crystal clast, and subsequent redeposition in the breccia matrix during the 1.4 Ga
dynamic event.

4.4.2. Baddeleyite structural modification before 1.4 Ga
Microstructural characterizations of accessory phases, such as zircon and baddeleyite, have
proven to be useful chronometers for measuring thermal and pressure perturbations (e.g.,
Moser et al. 2011, 2019; Darling et al. 2016; White et al. 2018). Crosscutting relationships
between primary, magmatic twins (i: Fig. 4.3) and overprinting secondary twins (ii-iii: Fig.
4.3) indicate that the source crust that once hosted the baddeleyite must have experience
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some degree of secondary modification after its crystallization from a precursor melt.
Baddeleyite has a monoclinic symmetry that is stable at pressures below 5 GPa and
temperatures below 1400 °C (McCullough and Trueblood 1959). The mosaic of
orthogonally twinned subdomains in the Martian igneous baddeleyite indicate the
formation and reversion of high-symmetry pressure and temperature polymorphs
(tetragonal: t-ZrO2; >1400 °C at ambient pressures; c-ZrO2; >2400 °C; o-ZrO2; >5 GPa),
as these orthogonal relationships cannot be generated by twinning of the monoclinic
structure alone (Cayron et al. 2006). The monoclinic to orthorhombic transition can be
partial up to pressures of ~80 GPa due to the anisotropic elastic properties of zirconia
(Kudoh et al. 1986). We argue that the orientation relationships and partial retention of a
single magmatic orientation (orange domain, Fig. 4.3) and primary, magmatic twins (i: Fig.
4.3) in baddeleyite F14987 suggest a partial conversion to t-ZrO2 or o-ZrO2 that is
comparable to baddeleyite exposed to shock pressures of 5-20 GPa from the Sudbury
impact structure, Canada (White et al. 2018). A localized, dynamic event(s) on Mars with
shock pressures in the regime of 5-20 GPa would not only account for the reversion
twinning in our target baddeleyite, but also explain the rare occurrences of mildly shocked
zircon and baddeleyite reported from the same population of grains (Moser et al. 2019,
supplementary information). This would suggest that similar reversion twinning observed
in the population of baddeleyite in the polymict breccia meteorites are not concomitant
with igneous crystallization, but rather subsequent secondary modification (Chapter 2).
Numerical modelling of mechanical twins in zircon xenoliths from the basement crust
~100km from the centre of the Vredefort impact, South Africa indicates that they are
uniquely formed by the high shear strains associated with meteorite impact shock waves,
and that those high strain rates can occur at relatively low pressures of 2-3 GPa (Jones et
al. 2018). We would expect that shock pressures that affected the baddeleyite core should
have been sufficient to twin the zircon rim if it had existed. Therefore, the absence of twins
in the rim suggest that the partial reversion twins in baddeleyite likely formed prior to its
reaction to zircon. It is not clear however how much time, if any, had occurred between the
twinning of baddeleyite and its reaction to zircon.
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4.4.3. Baddeleyite replacement by zircon
The partial replacement of baddeleyite by polycrystalline zircon in the Martian polymict
breccia is one of several instances of such reaction textures reported from crystal clasts in
paired stones (Roszjar et al. 2017; Moser et al. 2019). Zircon produced by a reaction
between zirconia (ZrO2), Si and O, and has been reported previously, mostly from
terrestrial samples, and has been created in the laboratory through a range of reaction
pathways. The laboratory and geologic examples are summarized below, followed by a
discussion of which pathway(s) may best explain the features we observe in NWA 7475.

4.4.3.1. Laboratory reactions
Zirconia is an important phase of interest for ceramics and corrosion scientists due to its
wide use in manufacturing for performance at high temperature (1000 °C to over 2000 °C).
A range of conditions for the formation of zircon from zirconia have been explored and
these include zircon growth in the absence of free oxygen, by reacting amorphous silica
with amorphous zirconia, and in the presence of molten, metal-bearing aluminosilicate. An
experiment by Trappen and Eppler (1989) demonstrated that reaction of silica with a
mineralizer (e.g., a combination of alkali halides) would result in a series of steps; the
production of a silicon tetrahalide [4.1] that may decompose to free silicon [4.2] to allow
silicon and oxygen to diffuse to a reaction site on the zirconia [4.4]:
𝑆𝑖𝑂2 + 4𝑀𝑋 → 𝑆𝑖𝑋4 + 2𝑀2 𝑂

[4.1]

𝑆𝑖𝑋4 → 𝑆𝑖 4+ + 4𝑒 − + 2𝑋2

[4.2]

2𝑀2 𝑂 + 2𝑋2 → 4𝑀𝑋 + 𝑂2

[4.3]

𝑆𝑖 4+ + 𝑍𝑟𝑂2 + 2𝑂2− → 𝑍𝑟𝑆𝑖𝑂4

[4.4]

Sources of oxygen [4.3] would be provided by the regeneration of the mineralizer releasing

oxygen back into the system (Trappen and Eppler 1989). It was noted by these authors that
the temperature of reaction occurred at ~1200 °C and occurred on the time scale of an hour.
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A second example of zircon produced rapidly (scale of hours) at a range of temperatures
(>1200 °C) occurred from the reaction of amorphous zirconia and silica:
𝑍𝑟𝑂2 + 𝑆𝑖𝑂2 → 𝑍𝑟𝑆𝑖𝑂4 (Itoh 1992)

[4.5]

Itoh (1992) showed that the production of zircon was dominant over the transformation of

amorphous silica to cristobalite. Another mechanism has been documented in a study on
thermal barrier coatings, in which the infiltration of molten calcium-magnesium
aluminosilicate along interfaces of columnar yttria-stabilized zirconia resulted in the
growth of ZrSiO4 within the zirconia grain (Li et al. 2019). In all cases the temperature of
reaction was in the range of 1200-1300 °C. Notably, the product zircon consists of fine
granules with an equiaxed texture, with grain size estimated by Itoh (1992) to be at submicrometre scale. TEM analysis by Li et al (2019) documents similar granules of zircon
replacing zirconia. Itoh (1992) reported reversion of the starting reactant zirconia to
monoclinic form (i.e., baddeleyite structure) upon cooling.

4.4.3.2. Terrestrial and extraterrestrial examples
Zircon produced from baddeleyite through natural processes has a range of grain sizes and
textures according to the environment and time available for the reaction. Temperatures of
these environments are mostly the same or lower than those used in the laboratory. The
slowest reaction rates are in igneous and metamorphic environments related to tectonic
motions of the crust. Magmatic zircon overgrowths can occur during late-stage igneous
crystallization due to an increase in SiO2 activity in the melt. This reaction commonly
produces idiomorphic crystal faces typical of igneous zircon (Beckman et al. 2017). This
is largely different from the polycrystalline nature of rims generated by contact
metamorphism, such as those in a gabbro from the Voisey’s Bay intrusion that were altered
by a syenite intrusion and associated fluid migration (Amelin et al. 1999). Even during
regional metamorphism, polycrystalline zircon rims have been shown to form under a
range of conditions from sub-greenschists to granulite facie (Davidson and van Breemen
1988; Heaman and LeCheminant 1993). In extraterrestrial samples, a much more rapid
reaction has been documented for the formation of zircon rims around baddeleyite in
Martian shergottite NWA 5298, which are inferred from textural evidence to be a by124

product of Si released from discrete shock melt pockets adjacent to baddeleyite grains
(Moser et al. 2013). These zircon rims were nanometres thick, not granular, and were
formed in microseconds during launch and cooling en route to Earth.

4.4.4. Zircon paragenesis in NWA 7475 before 1.4 Ga
A hypothetical environment for zircon replacement of baddeleyite on Mars can be
proposed based upon consideration of the grain textures of the different reaction pathways
described above and important inferences from the presence and chemistry of the Fe-Ti
nanoclusters. In terms of texture, the zircon rim in the polymict breccia has a rather
anhedral shape forming embayments within the baddeleyite core, therefore making a synmagmatic origin unlikely. Instead, the width (~15 µm in width at its largest) of the zircon
rim around the baddeleyite host share similarities to secondary, polycrystalline zircon
reaction rims formed during the initial stages of metamorphic recrystallization, such as
those in mid- to high-grade mafic rocks observed in Grenvillian coronitic metagabbro
(Davidson and vanBreeman, 1988) or to those formed during contact metamorphism and
Si metasomatism by fluids from a later intrusion into an already crystallized mafic body
(Amelin et al. 1999). At the expense of the baddeleyite, the thickness of the rim increases
with increasing metamorphic recrystallization until only a small core of baddeleyite
remains, unless it is completely replaced by zircon (Beckman et al. 2017). The partial
replacement of our baddeleyite core, and relatively thick reaction front, suggest that a
relatively high-temperature Si-melt was present but for a period of time too brief to allow
the reaction to proceed to completion, or that the baddeleyite became shielded from the
melt by the zircon rim.
APT analysis of our two specimens from the zircon rim reveals two spatially and
chemically distinguishable types of chemical clustering dominated by either Fe or Al
atoms. It is proposed here that the Fe clusters together with the microtextural evidence
above, narrow the range of possible zircon formation processes. The contents of Fe and Ti

are much higher than other metals and alkalis, such as Al. More importantly the Fe-Ti ratios
overlap those measured in primary terrestrial and Martian baddeleyite by both APT and
electron microprobe analysis (Fig. 4.7). On this basis, we infer that the Fe and Ti atoms
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were inherited from the parent baddeleyite during the replacement reaction. This is more
than probable as trace impurities of Fe and Ti measured by APT for terrestrial baddeleyite
average ~2000-100 ppma (White et al. 2017a, b; Reinhard et al. 2017) which is comparable
with primary Martian grains (Chapter 2).

Figure 4.7. Ternary diagram of Fe, Ti, and Al contents from Fe-rich and Al-rich
clusters in the zircon reaction rim plotted against igneous Martian baddeleyite grains
from NWA 7475 (Chapter 2; McCubbin et al. 2016) and igneous and altered
terrestrial baddeleyite from the Sudbury impact structure (White et al. 2017). We
note that contents from McCubbin et al. (2016) were converted from weight percent
(wt.%) to atomic percent (at.%). Shaded grey region indicating compositional range
boundaries for igneous baddeleyite measured from published data.
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The timing of the clustering of the Fe-Ti can be explained in two ways. In one scenario,
the clusters are due to a much later metamorphic (thermal) event, such as during the
incorporation of the baddeleyite-zircon biomineral clast into the melt clast matrix.
Clustering of trace elements in zircon has been shown to result from a secondary
metamorphic event as a combination of high temperatures and internally generated lattice

damage, such as minerals defects or radiation damage sites (e.g., Valley et al. 2014, 2015;
Peterman et al. 2016, 2019; Piazolo et al. 2016). A similar phenomenon has been
documented in minerals such as pyrite with trace elements migrating to defects and fluid
inclusions (Fougerouse et al. 2019; Dubosq et al. 2020). Given that Fe is normally

incompatible in the zircon lattice, we would expect any trapped Fe atoms to be more
susceptible to mobilization into locally stabilized nanoclusters at higher temperatures to
create an energetically favourable environment. When compared to the segregation of Fe
into clusters reported for an aqueous altered zircon in NWA 7475 (Chapter 2), we see a

similarity in the distributions (~10-20 nm apart), sizes (~10-30 nm) and concentrations (>
1 at.% Fe) of clusters, although Ti is absent. In that scenario, impurities were interpreted
as being introduced by fluids and along pathways created during a dynamic event on Mars,
subsequently annealed and trapped in the lattice during the high temperature recovery of
the zircon. The zircon in our case sits as a clast within a quenched basaltic melt clast and
one possibility is that the heat from this molten mafic (Si poor) matrix caused the Fe to
cluster. However, this pathway does not account for how the Fe and Ti came to be in the
zircon lattice in the first place.
A second possibility is that the clustering of Fe and Ti was synchronous, and a byproduct
of, rapid zircon replacement of Fe-Ti bearing baddeleyite. In this case, the breakdown of
Zr-O bonds in the baddeleyite would release Ti4+ from the zirconium site (Zr4+), which
would be incorporated into the zircon lattice through a simple substitution (e.g., Ti4+ = Zr4+;
Frondel 1953). Baddeleyite may also release Fe, Mg, Nb, and Ta which substitute as a
coupled group for Zr in natural baddeleyite [e.g., 3Zr → 2(Nb, Ta) + (Mg, Fe); Lumpkin
1999]. It is possible that the released Fe2+ and Fe3+ be incorporated at interstitial sites in
zircon rim during the reaction with Si following the coupled substitution mechanisms:
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(𝑀𝑔, 𝐹𝑒)2+ + 3(𝑌, 𝑅𝐸𝐸)3+ + 𝑃5+ = 3𝑍𝑟 4+ + 𝑆𝑖 4+ (Hoskin et al. 2020)

[4.6]

(𝐴𝑙, 𝐹𝑒)3+ + 4(𝑌, 𝑅𝐸𝐸)3+ + 𝑃5+ = 4𝑍𝑟 4+ + 𝑆𝑖 4+ (Hoskin et al. 2000)

[4.7]

These impurities however are not expected to be structurally accommodated by the zircon
lattice in large quantities, which may explain their segregation into more energy favourable

configurations (e.g., clusters).
To further explore the sub-micrometre deformation mechanisms and trace element
distributions active during the replacement of baddeleyite by metamorphic zircon, we turn

to the closest analogy for the reaction of a Zr phase; the oxidation of zirconium alloys
(Zr→ZrO2). Widely used as nuclear fuel cladding materials in nuclear power plants, the
distribution of alloying elements in bulk metals and their oxidation layers are of great value
and widely studied (e.g., Sundell et al. 2016). During the oxidation of zirconium alloys, a

volume expansion will cause stresses in the oxide layer resulting in deformation of the
underlying metal and eventually the oxide itself (e.g., Tejland and Andrén 2014; Sundell
et al. 2016). Alloying elements (e.g., Fe, Ni, Cr) added to the metal have very low solubility
and have been reported by APT analysis to form secondary phase particles or segregation

to dislocations and grain boundaries within the bulk metal. Overtime, the oxide phase
inherits the chemistry of the sub-grain boundaries as the advancing reaction front expends
into the metal during corrosion (e.g., Sundell et al. 2012, 2016). Although this reaction
does not involve silica, it is the only similar study for the reaction of a Zr phase using APT.
Unfortunately, there do not appear to be any comparable APT studies of zircon produced
from baddeleyite in nature or the laboratory, so at this point we can only speculate on the
mechanisms of Fe-clustering in the zircon reaction rim. It is clear from the nuclear

materials example above that the distribution and clustering of interstitial elements is not
uncommon during a replacement reaction. The inheritance of Fe, most likely from
precursor baddeleyite is interpreted to indicate a rapid replacement reaction to zircon
within a short time interval. Moreover, we expect this rapid evolution to correspond to a
high temperature process based on laboratory ceramic experiments. An abbreviated, high
temperature reaction, as described above, is possible, given a scenario were the baddeleyite
grain is briefly encapsulated in a high temperature silicic magma of endogenic or impact
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origin. Although we do not know the lithology or shock state of the source crust that host
the baddeleyite, the zircon rim in the breccia is much wider around the core baddeleyite, in
contrast to the thin, discontinuous rim observed in shergottites, ruling out a near
instantaneous (microseconds) reaction and quenching. The irregular, fractured outer
margin of the zircon-baddeleyite assemblage indicates re-deposition during the event

which created the melt-laden breccia that hosts the grain, and therefore attests to the
formation of the rim and Fe-clustering prior to melting event that produced the clast, and
the final assembly of the clast in the breccia ~1.4 Ga.

4.4.5. Low temperature alteration of zircon
Amongst the segregation of trace elements in our APT specimens, we explore a second
type of ellipsoidal structures enriched in Al and high concentrations of Si (>20 at.%)
relative to the surrounding matrix. Along with elevated concentrations of other metals and
alkalis common in the basaltic Martian crust (e.g., Ca, Mg, and Cl), they are considered to
be externally derived and indicative of secondary alteration in a way somewhat comparable
to low-temperature hydrothermal alteration of zircon (Geisler et al. 2007; Anderson et al.

2008). The chemical compositions of the clusters have much higher contents of Al and
lower content Fe and Ti relative to the Fe-rich clusters, therefore it is likely they formed
independently during later alteration event (Fig. 4.7). Moreover, the structure, size (up to
~80 nm in diameter), and concentrations (~2 at.% Al, >20 at.% Si, <15 at.% Zr) are

comparable to the Al-clusters overserved in the metamict domain of a Martian zircon in
NWA 7475 (Chapter 2). Ion imaging of metamorphic zircon have shown similar 20-80
nm polyphase inclusions of amorphous silica-rich and unidentified Ti-Al-rich phases
generated during the recovery of radiation-damaged sites (Kusiak et al. 2015). It is possible

that the zircon rim remained below its self-annealing temperature (<250 °C; Meldrum et
al. 1999) for an extended period following its crystallization, accumulating minor radiation
damage that would have been annealed during a later thermal event, such as its
incorporation into the melt clast or during the 1.4 Ga breccia lithification event. This
interpretation is consistent with the traces of Cl measures within the clusters, absent in the
Fe-rich clusters, indicating interaction with a later Cl-rich brine and/or hydrothermal fluid.
Oxygen isotope ratios in such grains identified in other studies (Nemchin et al. 2014) help
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to constrain this low-temperature zircon metasomatism to the Martian surface and not by
later terrestrial alteration. We cannot fully rule out a similar origin for the Fe-rich clusters,
however, we argue this to be unlikely due to the variations in chemistry between cluster
types, with Fe-clusters closely matching the trace element concentrations of primary
Martian baddeleyite, and Al-clusters matching that of aqueous altered metamict zircon in

NWA 7475.

4.4.6. Polycyclic history of Martian baddeleyite and metamorphic
zircon
We interpret the complex secondary alteration features as the result of at least three stages
of overprinting of a single, igneous baddeleyite and link this to dynamic events in localized
regions of the Martian crust prior to its incorporation into the polymict breccia meteorites.
The baddeleyite core represents the structurally oldest domain formed from the melting of
primitive Martian crust ~4.4 Ga (McCubbin et al. 2016) during the late stages of igneous
crystallization from an early silica-undersaturated residual melt (Fig. 4.8, stage 1).
Crosscutting relationships between primary, magmatic twins (i: Fig. 4.3) and secondary,

orthogonally related twined sub-domains (ii-iii: Fig. 4.3) indicate that the source crust must
have experience some degree of secondary modification after its crystallization from a
precursor melt (Fig. 4.8, stage 2). A localized, dynamic event(s) on Mars with shock
pressures in the regime of 5-20 GPa would account for the partial retention of a primary,

magmatic twins, as observed in terrestrial baddeleyite grains from the Sudbury structure,
Canada (White et al. 2018).
Further crosscutting relationships between the baddeleyite core and zircon filled fractures

would not be possible if the secondary, polycrystalline zircon rim had formed prior to the
dynamic event(s) that generated the reversion twins in the baddeleyite. This suggests that
the baddeleyite must have undergone secondary modification prior to reacting with an
influx of silica during high-temperature metamorphism (Fig. 4.8, stage 3i). One possibility

is that an impact event and subsequent post-impact heating and partial melting of the crust
resulted in reversion twinning of the host baddeleyite and reaction with an Si-rich melt.
Alternately, a subsequent dynamic event (either endogenic or impact related) independent
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of the revision twinning could have occurred to produce the metamorphic zircon rim. At
the atomic scale, elevated contents of Fe and Ti in the metamorphic zircon rim were likely
inherited from baddeleyite during the reaction with silica and trapped into clusters during
the high-temperature reaction (Fig. 4.8, stage 3ii), or during a later metamorphic event
(e.g., incorporation into melt clast).

Fig. 4.8. Schematic diagram summarizing the complex cycle of secondary alteration
preserved in a single, bimineral baddeleyite-zircon clast from the Martian polymict
breccia NWA 7475. Illustrations of metamorphic zircon replacing igneous
baddeleyite during recrystallization (stage 3i) are modeled after the figures of
Beckman and Möller (2018).

Although the exact timing and nature of secondary alteration cannot be fully constrained
by our data, textural evidence of fractures margins the igneous baddeleyite host and zircon
reaction rim indicate that all alteration must have occurred prior to the grain’s emplacement
in the lithic melt clast (Fig. 4.8, stage 4). More specifically, the incorporation of the

bimineral clast of baddeleyite and zircon in a lithic melt clast suggests that the components
of the breccia comprise of a series of impact deposits with the last representing the
lithification event (Fig. 4.8, stage 5). Amorphization of the zircon rim and interaction with
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a later Cl-rich hydrothermal fluid or brine, possible syn- or post-breccia formation, is
represented by the chemical content of Al-Si-rich clusters, which are distinct from the FeTi variety, yet similar to those reported in metamict domains in zircon from NWA 7475
(Fig. 4.8, stage 6).
It is clear that some of the source rocks that host ancient zircon and baddeleyite accessory
have experienced a more complex metamorphic history than previous thought. This is
indeed plausible as impact cratering processes and volcanic active (subsequent to the end
of the heaviest impact bombardment) were very active during the Noachian and Hesperian
(e.g., McEwen et al. 1999; Abramov and Kring 2005; Marzo et al. 2010). The Martian
surface in the ancient southern highlands would have experience a similar ‘gardening’
processes to the lunar surface resulting in a complex distribution of materials specific to
numerous impacts events. The preservation of the metamorphic features preserved in our

data from the oldest material in the polymict breccia shows that secondary alteration may
not be completely overprinted by the major thermal metamorphism, brecciation, and
hydrothermal alteration in the Amazonia. Our results highlight the value of these
metamorphosed grains as targets for future high-resolution U-Pb dating (e.g., FIB-TIMS,

White et al. 2020) to help resolve a more detailed chronology of bombardment histories
and secondary alteration processes on early Mars from meteorites and future returned
samples.

4.5. Conclusion
A microstructural geochronology approach has been applied to a baddeleyite partially
replaced by zircon in a lithic clast of NWA 7475 and used to identify at least three events

prior to breccia consolidation at 1.4 Ga. Nanoclusters of Fe in the zircon rim have same
proportions of Fe and Ti as precursor baddeleyite and are interpreted to indicate a rapid
process of baddeleyite replacement most consistent with a very short time interval and
therefore likely at high temperature (~1200 °C to ~800 °C based on laboratory ceramics

experiments and natural terrestrial case studies). In view of Fe-Ti nanoclusters, a brief
exposure of a baddeleyite grain to magmatic fluids of endogenic or impact origin is
suggested, and a dynamic event such as impact is more likely to explain fracture- hosted
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zircon in the baddeleyite core. The irregular outer surface of the zircon-baddeleyite
assemblage indicates re-deposition during the event which created the melt-laden breccia
that hosts the grain. A final re-deposition event, again likely an impact, caused the assembly
of the NWA 7475 polymict breccia. Introduction of additional impurities into the zircon
rim resulted in nanodomains of trace elements Al, Mg, Ca, and Cl. These characteristics

are shared by metamict, altered zircon domains described in data Chapter 2. Oxygen
isotope ratios in such grains identified in other studies (Nemchin et al. 2014) indicate that
this zircon metasomatism happened on Mars. Future developments in atom probe systems
may potentially allow more accurate measurements of oxygen and D/H ratios in these fluid-

altered domains.
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Chapter 5

5 Conclusion
The work presented in this thesis shows a number of significant results for resolving a more
accurate history of solar system chronology using APT of zircon and baddeleyite. This
final chapter provides a summary of these findings and emphasizes potential avenues for
future developments and applications of microstructural geochronology methods.

5.1. Identifying and dating of bombardment histories by APT
A major objective of Chapter 2 was to better understand the mechanisms of Pb mobility
and Pb loss in shock metamorphosed zircon. Until now, the applications of APT have been

limited to Pb-Pb dating of high temperature metamorphosed zircon in tectonic settings
(Valley et al. 2014, 2015; Peterman et al. 2016, 2019). Moreover, the nanoscale processes
of Pb migration in shock metamorphosed zircon from large impact craters has remained
relatively unexplored. Rapid Pb loss from shocked zircon was widely reported in Earth and
lunar samples but was not easily explained in light of the extremely sluggish rates of
volume diffusion measured for Pb through a crystalline zircon lattice. My work showed
that, contrary to expectation, two styles of Pb mobility were manifest in shock
metamorphosed zircon from near the centre of the deeply eroded crater floor of the
Vredefort impact structure. Nanodomains of Pb loss and Pb clustering were taken as
evidence for simultaneous Pb egress and local concentration, respectively, controlled by
short-lived defect networks which facilitated ultra-fast diffusion.
Measurements of U-Pb and Pb-Pb ratios from these discrete nanoscale domains by APT
provides information on the timing of shock metamorphism and can be used to identify
and measure the time interval between zircon crystallization and major impact-triggered
heating (Fig. 5.1). These results represent an important nanoscale proxy for high
temperature shock metamorphism, which, in the presence of microscale shock features,
shows promise for recognizing and resolving bombardment histories in planetary crusts
using zircon. Such findings have implications on the ancient terrestrial zircon record, as
142

the preservation of nanoscale features formed during shock-heating of the crater floor of
large impact structures will allow for more accurate identification and dating of Hadean
and Archean-aged craters, which are predicted to have formed during peak bombardment
of the early inner solar system yet were extensively reworked and overprinted during later
crustal processes.

Figure 5.1. Identifying and dating the time interval between zircon crystallization and
shock metamorphism in zircon using U-Pb and Pb-Pb ratios measured by APT from
discrete nanoscale domains. Note simultaneous Pb ingress (clustering) and Pb loss
(homogeneous domains) at time of impact 2.020 Ga.

5.2. Early and late fluids on Mars
Secondary, nanoscale features in Martian zircon and baddeleyite in Chapter 3 show
evidence for early and late fluid-related alteration of Martian crust during at least two
periods before and after the amalgamation of the breccia meteorites (Fig. 5.2). The
enrichments of alkalis and metals (e.g, Al, Ca, Fe, Mg) are seen in crystalline zircon in the
form of clusters and curvilinear features interpreted as healed, fluid altered fractures. These
structures are attributed to a dynamic event prior to or during amalgamation of the breccia
at ~1.4 Ga (i:Fig. 5.2). The segregation of impurities into well-ordered features is
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comparable to those previously observed in tectonic (Valley et al. 2014, 2015; Peterman et
al. 2016, 2019; Piazolo et al. 2016) and shock metamorphosed zircon (Chapter 2; Reddy et
al. 2016). Later episodes of fluid alteration are revealed by Cl-bearing domains in metamict
zircon (iv: Fig. 5.2), and a thin reaction rim of zircon around baddeleyite (iii: Fig. 5.2). In
metamict domains, nanometre scale measurements by APT reveal a heterogeneous
distribution of impurities of Al, Ca, Mg, K, and Cl into chemically diverse nanoscale
domains. The unusual structure appears different from the well-ordered trace element
clustering in shock metamorphosed terrestrial zircon in Chapter 2, and the linear structures
observed in the annealed skeletal zircon grain (see above), suggesting that this type of
heterogeneous, unstructured trace element clustering may be common in zircon during
low-temperature aqueous alteration processes.

5.3. High and low temperature modifications of Mars crust
In Chapter 4, microstructural geochronology of a bimineral baddeleyite-zircon crystal clast
reveals evidence for both high and low temperature events. Nanoscale measurements of
the zircon rim by APT reveal nanoclusters of Fe and Ti, up to 30 nm in diameter, with

proportions similar to the precursor baddeleyite. This is interpreted to indicate a rapid
process most consistent with a very short time interval of baddeleyite replacement. Based
on laboratory ceramics experiments and natural terrestrial case studies, this rapid
replacement reaction would likely have occurred at high temperatures (800°-1200 °C). This

is indeed in line with evidence of nanoscale clustering of trace elements in the skeletal
Martian zircon described in Chapter 3 (see above) that suffered alteration by fluids and
subsequent high temperature annealing. Together, the well-ordered nanoscale structures
and clusters recorded in Chapters 2 and 3 are indicative of localized modification of the
Martian surface by dynamic high temperature processes prior to the formation of the
breccia, and/or during sintering of the Martian crust during the assembly of the breccia at
~1.4 Ga (ii: Fig. 5.2).
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Figure 5.2. Timeline of Mars crust modification events as revealed by micro- and
nanoscale features. The timing of each event (i-v) are shown relative to a period of
pervasive thermal metamorphism of the meteoritic breccia at 1.4 Ga (orange shading)
and late low temperature aqueous alteration (blue shading). Published works include:
Humayun et al. (2013); Cartwright et al. (2014); Tartése et al. (2014); Yin et al. (2014);
Bellucci et al. (2015); Liu et al. (2016); McCubbin et al. (2016); Nyquist et al. (2016);
Cassata et al. (2018); Guitreau and Flahaut (2019); Moser et al. (2019); Lindsay et al.
(2021). Modified from the timelines of Cassata et al. (2018), Guitreau and Flahaut
(2019), and Costa et al. (2020).
A late low temperature episode is believed to have overprinted the high temperature feature
based on elevated contents of Al, Ca, Mg, Cl, and an increase of Si (up to 25 at.%) which
are chemically analogous to metamict, altered zircon domains described in Chapter 3. It is
clear that evidence for earlier crustal modification, as recorded by the Fe-rich clusters, have
not been completely overprinted by this later fluid-related alteration by metal bearing
brines at the Martian surface during the Amazonia. Going forward, this diversity in the
chemistry and structure of nanoscale features identified by APT can be applied to zircon
and baddeleyite from a wide range of planetary crusts to better resolve different periods of
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secondary crustal modification by high temperature processes and low temperature fluidrelated alteration.

5.4. Summary of contributions
(1) The development of the capability at UWO, in close collaboration with the Western
Nanofabrication Facility, for APT specimen preparation. Furthermore, I developed
APT data reduction and interpretation protocols for Mars materials using commercial
software.
(2) Nanoscale resolution of U-Pb and Pb-Pb isotopic ratios from discrete domains in shock
metamorphosed zircon to address an outstanding question regarding mechanisms of
Pb mobility and isotopic age discordance in highly shock metamorphosed zircon . This
approach can be used to measure the time between zircon crystallization and high
temperature (>800 °C) impact-triggered heating of planetary crusts to test for major
episodes of crustal heating due to bombardment .
(3) Nanoscale characterization of chemical, metasomatic features (i.e., introduced Al, Ca,
Mg, Fe) in zircon and baddeleyite from Mars. This enables recognition and
reconstruction of fluid-alteration events in Mars crust. The identification of a unique
type of heterogeneous, unstructured trace element clustering and enrichments in Cl
(at.%) in metamict domains of Martian zircon can likewise be used as a proxy for
interaction with Cl-bearing low temperature brines at the Martian surface.
(4) Novel nanoscale characterization of an early Mars zircon replacement rim around
baddeleyite, likely due to a rapid heating event in the Mars crust prior to 1.4 Ga.
(5) All the above contribute to the efforts of planetary scientists to evaluate the habitability
of a neighbouring planet and serve as a methodological advance applicable to Martian
meteorites and returned samples from Mars and other solar system bodies.
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5.5. Future work
A broad objective of this work was to expand the range of information that can be gathered
from planetary zircon and baddeleyite by incorporating sub-micrometre techniques like
APT into the now typical microscopy workflow (see Chapter 1, section 1.4). The first steps
in the development of this workflow were done in collaboration with the Western
Nanofabrication Facility to produce the first set of fabricated APT microtips at UWO. It is
recommended that future work explore the production of APT microtips at the Western
Nanofabrication Facility on a wider range of geologic materials. In addition, future work

is needed to develop a workflow for analyzing prepared APT microtips using TKD at the
ZAPLab prior to APT analyses. The crystallographic information offered by TKD can be
directly compared to the reconstructed APT specimen to assist in the identification and
interpretation of complex nanostructures.
While the work presented in this thesis highlights the complex polycyclic history preserved
in the oldest igneous Martian baddeleyite and metamorphic zircon, future phase
reconstruction using the ARPGE software (Cayron et al. 2006) may help to further
constrain the origin of reversion twins in the studied baddeleyite. In addition, future APT
analyses of the baddeleyite core in Chapter 4 would provide a better understanding of the
mechanisms of trace element distribution during the replacement of baddeleyite by
metamorphic zircon, specifically the migration of Fe and Ti across the baddeleyite-zircon
reaction front. Additional APT studies on zircon produced from baddeleyite in natural
terrestrial or laboratory samples would provide a comparable analogue to this work.
Currently, measurements of oxygen and D/H ratios in zircon by APT are limited by residual
hydrogen gas from the analysis chamber that adsorb onto the specimen surface and
contribute to the generation of hydroxide species (e.g,

16OH+)

(e.g., Valley et al. 2015).

Correlative microscopy techniques, such as NanoSIMS, may be combined with atom probe
measurements to better quantify the sources of hydrogen (e.g., residual gas from the
analysis chamber vs the specimen itself) and its distribution in Martian samples.
Improvements in measured oxygen and D/H ratios by APT can be used to identify the
sources of fluid-altered nanoscale domains in Martian zircon and baddeleyite and better
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identify prolonged interactions of ancient crustal materials with the Martian mantle,
hydrosphere, and atmosphere.
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Appendices
Appendix A: Running conditions: electron beam analyses

Hitachi
SU6600

BSE/SE

EDS

CL

EBSD

SEM
detector

five-segment
solid state
detector

Oxford X-mas 80 nm2
silicon drift detector

Gatan
ChromaCL

Oxford HKL
Nordys
detector

Carbon
coat

25 nm

25 nm

25 nm

25 nm

Acc.
voltage

15 kV

15 kV

10 kV

20 kV

Working
distance

10.0 mm

10.0 mm

12.5 mm

19.0 mm

Tilt

-

-

-

70°

151

Appendix B: APT acquisition and reconstruction parameters
A summary table of recommended acquisition parameters for zircon and baddeleyite
(Reddy et al. 2020) and the trade-offs of adjusting each parameter (Larson et al. 2013).
Parameter
Laser
energy
(pJ)

Zircon a

100-400

Baddeleyite b

Trade-offs c

50-600 pJ

Increase for better yield (improves analysis
yield, background and MPR); decrease for
better spatial resolution (reduces complex
ion generation and surface migration)

Base T
(K)

40-60

30-50

Increase for better analysis yield; decrease
for better spatial resolution (improves
background, MRP, heat flow, surface
diffusion)

Detection
rate (%)

0.5-1

0.5-1

Higher is better; Lower for poor yielding
materials

Pulse
frequency
(kHz)

200-250

50-250

Higher is better; Lower to improve wrap
around effects

References: a Valley et al. (2014, 2015); Peterman et al. (2016, 2019); Piazolo et al.
(2016, 2017); La Fontaine et al. (2017); Blum et al. (2017); Saxey et al. (2017)
b White et al. (2017a, b); Reinhard et al. (2017);
c Larson et al. (2013)
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Chapter 2: Accqusition and reconstruction parameters for APT tips from shocked zircon V09-237-G4 and V09-232-G9.
Specimen/Data Set

T22
LEAP
5000XR

T20
LEAP
5000XR

T18
LEAP
5000XR

T17
LEAP
5000XR

T15
LEAP
5000XR

T14
LEAP
5000XR

T13
LEAP
5000XR

T12
LEAP
5000XR

T4
LEAP
5000XR

T3
LEAP
5000XR

N16
LEAP
4000X HR

Nominal flight path (mm)

382

382

382

382

382

382

382

382

382

382

382

Laser wavelength (nm)
Laser Pulse Energy (pJ)

355

355

355

355

355

355

355

355

355

355

355

100

100

100

100

100

150

100

100

-

150

250

Pulse Frequency (kHz)

221

212

216

225

209

190

214

219

-

-

200

Detection rate (%)

1.0

1.0

1.0

1.0

1.0

0.6

0.5

1.0

-

1.0

1.0

Sample temperature (K)

60.3

54.6

59.8

56.3

54.6

29.9

56.1

56.0

-

48.6

59.6

Chamber pressure (Torr)

5.0E-11

5.0 E-11

5.2E-11

5.0E-11

1.8E-10

4.1E-11

3.9E-11

4.7E-11

-

1.2E-10

5.7E-11

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

Total ions:

1.5E+08

1.0E+08

6.5E+07

3.9E+08

1.0E+08

5.9E+07

7.3E+07

2.5E+08

1.0E+08

9.6E+06

1.2E+08

Single (%)

63.2

59.8

59.9

61.5

59.8

64.0

62.1

60.4

70.7

61.5

69.2

Multiple (%)

36.0

39.5

39.3

37.8

39.5

35.2

37.2

38.9

28.5

37.7

30.5

Partial (%)

0.8

0.7

0.7

0.8

0.7

0.8

0.7

0.7

0.9

0.9

0.2

Volt./bowl corr. Peak (Da)

16.0

16.0

16.0

16.0

16.0

16.0

16.0

16.0

16.0

16.0

16.0

(M/ΔM) †
Time independent
background (ppm/ns)

1183

1161

1183

1182

1140

1127

1105

1174

1178

1170

980

87.1

74.0

76.9

82.0

75.5

41.6

64.2

73.4

54.2

50.5

29.0

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

Shank

Instrument Model
Instrument setting

Data summary
Analysis software (IVAS)

Reconstruction
Radius evolution model

†ΔM is at full width half maximum
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Chapter 3: Accqusition and reconstruction parameters for APT tips from Martian zircon and baddeleyite (NWA 7475).
Phase

Zircon

Grain ID

Baddeleyite

F7012

F13363

F28471

22576

22576

F3244

F28471

R52_128916

R52_127743

R52_147291

R52_147509

R52_147517

R60_147255

R60_147213

Nominal flight path (mm)

382

382

382

382

382

382

382

Laser wavelength (nm)

355

355

355

355

355

355

355

Laser Pulse Energy (pJ)

400

400

100

100

100

100

200

Pulse Frequency (kHz)

200

200

200

200

200

200

200

Detection rate (%)

0.5

0.5

0.5

0.5

0.5

0.5

0.5

Sample temperature (K)

50

50

50

50

50

50

50

Chamber pressure (Torr)

5.5E-11

3.0E-10

2.6E-11

2.9E-11

2.8E-10

2.7E-11

2.8E-11

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

3.6.12

Total ions:

3.8E+06

1.6E+07

3.0E+04

6.1E+04

1.4E+05

6.2E+04

1.4E+05

Single (%)

74.3

74.7

73.2

53.2

54.5

91.6

93.5

Multiple (%)

25.3

25.0

26.8

46.8

45.5

8.4

6.5

Partial (%)

0.3

0.3

0.0

0.0

0.0

0.0

0.0

16.0

16.0

16.0

16.0

16.0

16.0

16.0

1037

1034

1135

1127

1090

1101

1114

26.2

20.9

39.9

52.0

54.1

18.0

16.6

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

Voltage

APT microtip ID
Instrument setting (LEAP 4000X HR)

Data summary
Analysis software (IVAS)

Volt./bowl corr. Peak (Da)
(M/ΔM) † for

16O +
2

Time independent background (ppm/ns)
Reconstruction
Radius evolution model
†ΔM is at full width half maximum
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Chapter 4: Accqusition and reconstruction parameters for APT tips from a Martian
metamorphic zircon rim around a baddeleyite (NWA 7475).
Grain ID
APT microtip ID
Instrument Model
Instrument setting
Nominal flight path (mm)
Laser wavelength (nm)
Laser Pulse Energy (pJ)
Pulse Frequency (kHz)
Detection rate (%)
Sample temperature (K)
Chamber pressure (Torr)
Data summary
Analysis software
Total ions:
Single (%)
Multiple (%)
Partial (%)
Volt./bowl corr. Peak (Da)
(M/ΔM) † for 16O2+
Time independent background (ppm/ns)
Reconstruction
Final specimen state
Pre-/post-analysis imaging
Radius evolution model
Field factor (k)
Image compression factor
Assumed E-field (V/nm)
Avg. atomic volume (nm3)
Vinital ; Vfinal (kV)

F14987
R47_02873
LEAP 4000X HR

F14987
R47_02879
LEAP 4000X HR

382
355
250
125
0.3
59.7
4.3E-11

382
355
130
125
0.2
59.7
4.0E-11

IVAS 6
1.8E+07
77.3
22.2
0.5
16.0

IVAS 6
3.2E+07
81.7
17.8
0.5
16.0

1030
26.8

1048
46.8

Fractured
SEM/n.a.
Fixed Shank
3.3
1.65
28

Fractured
SEM/n.a.
Fixed Shank
3.3
1.65
28

0.023282
1.8 ; 7.3

0.023282
3.2 ; 8.1

†ΔM is at full width half maximum
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Appendix C: Supplementary APT composition tables
Detection limits for U, UO and Pb peaks measured by APT for full-volume data sets from
shocked zircons V09-237-G4 and V09-232-G9 (Chapter 2).
Sample

Peak

Raw
Counts

Background
Counts

Corrected
Counts

DL

206Pb2+

108378

103177

5201

1496

238UO2+

143945

137753

6191

1729

238UO3+

65438

62222

3216

1163

238UO 2+
2

85916

84136

1780

1351

238U3+

-

-

-

-

206Pb2+

70270

67487

2783

1212

238UO2+

125625

120584

5041

1619

238UO3+

49012

46529

2483

1007

238UO 2+
2

-

-

-

-

238U3+

-

-

-

-

206Pb2+

13609

12528

1081

523

238UO2+

15116

13445

1671

542

238UO3+

-

-

-

-

238UO 2+
2

7889

7177

712

397

238U3+

13609

13024

585

533

Zircon V09–237–G4
Tips with Pb–rich
clusters (n=2)

Homogeneous Tips
(n=5)

Zircon V09–232–G9
Homogeneous Tip
(n=1)

DL — detection limit: k2 + 2k√2B (Currie 1968); where k=1.645 (95% confidence level) and B represents
background calculated by the local range–assisted background correction in IVAS 3.6.12. Corrected counts
— raw counts minus background counts.
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Bulk compositions measured by APT for full-volume data sets from shocked zircon V09-237-G4 and V09-232-G9 (Chapter 2).
V09-237-G4
Concatenated Homogeneous Tips (n=5) Concatenated Tips with Pb clusters (n=2)
Composition
Composition
Ion Type
± 1σ
Ion Type
± 1σ
(at. % or ppma)
(at. % or ppma)
Si
16.70%
0.00%
Si
16.60%
0.00%
Zr
19.60%
0.00%
Zr
19.50%
0.00%
O
63.40%
0.00%
O
63.60%
0.00%
Hf
1958
1.7
Hf
1972
1.8
Y
224
0.6
Y
225
0.6
P
201
0.6
P
200
0.6
Th
34
0.2
Th
23
0.2
U
17
0.2
U
15
0.2
Pb
4
0.1
Pb
8
0.1
Al
6
0.1
Al
6
0.1
Dy
53
0.3
Dy
48
0.3
Er
42
0.3
Er
40
0.3
Tm
13
0.1
Tm
12
0.1
Yb
7
0.1
Yb
7
0.1
Li
5
0.1
Li
2
0.1

V09-232-G9
Homogeneous Tip (n=1)
Composition
Ion Type
(at. % or ppma)
Si
17.00%
Zr
19.60%
O
63.10%
Hf
2033
Y
224
P
164
Th
48
U
23
Pb
9
Al
5
Dy
38
Er
57
Tm
14
Yb
16
Li
7

± 1σ
0.00%
0.00%
0.01%
4.3
1.4
1.2
0.7
0.5
0.3
0.2
0.6
0.7
0.3
0.4
0.2

1σ counting statistic uncertainty
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Bulk compositions measured by APT for sub-volume Pb-rich clusters in shocked zircon V09-237-G4 (Chapter 2).
V09-237-G4
Tip 12 - Pb-rich cluster 1 (C1)
Ion
Type
Si

Composition
(at. % or ppma)
17.20%

Zr

Tip 12 - Pb-rich cluster 2 (C2)

0.44%

Ion
Type
Si

Composition
(at. % or ppma)
15.90%

14.10%

0.39%

Zr

O

61.80%

0.97%

Hf

1588

Y

Tip 17 - Pb-rich cluster 3 (C3)

0.42%

Ion
Type
Si

Composition
(at. % or ppma)
16.70%

15.70%

0.41%

Zr

O

63.10%

0.98%

386

Hf

-

2173

452

Y

P

-

-

Th

-

U

Tip 17 - Pb-rich cluster 4 (C4)

0.44%

Ion
Type
Si

Composition
(at. % or ppma)
14.70%

0.50%

15.70%

0.43%

Zr

18.00%

0.56%

O

62.40%

1.01%

O

62.80%

1.23%

-

Hf

3132

562

Hf

2194

572

2032

437

Y

2109

461

Y

1148

413

P

-

-

P

-

-

P

-

-

-

Th

-

-

Th

-

-

Th

-

-

-

-

U

-

-

U

-

-

U

-

-

Pb

4.80%

0.22%

Pb

4.20%

0.20%

Pb

3.40%

0.19%

Pb

3.80%

0.24%

Al

1.60%

0.13%

Al

7456

839

Al

1.30%

0.12%

Al

3028

672

Dy

-

-

Dy

-

-

Dy

-

-

Dy

-

-

Er

-

-

Er

-

-

Er

-

-

Er

-

-

Tm

-

-

Tm

-

-

Tm

-

-

Tm

-

-

Yb

-

-

Yb

-

-

Yb

-

-

Yb

-

-

Li

-

-

Li

-

-

Li

-

-

Li

-

-

± 1σ

± 1σ

± 1σ

± 1σ

1σ counting statistic uncertainty
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Appendix D: Supplementary atom maps and mass spectra
Chapter 2: Shocked zircon from the Vredefort impact structure
Atom maps of Pb showing the locations of each Pb-rich cluster within microtips 12 and 17
from V09-237-G4. Atom maps are shown for each cluster (i), as well as each 0.2 ion/nm3
density isosurface (ii) that was used to generate a mass spectrum for Pb++ species from
within the cluster (iii).
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An exemplar mass spectrum from the concatenated homogeneous data set from V09-237G4 showing all species ranged in the study. These ranges were kept consistent across all
other full-volume data sets.

Chapter 3: Primary and fluid altered Martian baddeleyite and zircon
APT mass spectra for primary Martian baddeleyite F28471and F3244 which are analogous
to Earth reference baddeleyite (Reinhard et al. 2017).
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APT mass spectrum for a second microtip of Martian baddeleyite F28471 including a
domains of secondary fluid alteration.

APT mass spectrum for primary Martian zircon F7012 which is analogous to Earth
reference zircon (Reinhard et al. 2017). This spectrum of primary igneous zircon can be
compared with an otherwise undeformed, crystalline zircon that has been altered by fluids
and annealed during a dynamic event(s) on Mars.
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APT mass spectra of adjacent crystalline and metamict domains in Martian zircon F22576.
Enlarged view of Cl+ peaks at 35 Da and 37 Da in the metamict domain that are absent in
the crystalline domain.

Chapter 4: Martian metamorphic zircon rim around baddeleyite
An exemplar APT mass spectrum of metamorphic zircon from a reaction rim around
Martian baddeleyite. These ranges were kept consistent across all data sets.
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Appendix E: Supplementary BSE images of a melt clast from
polymict breccia meteorite NWA 7475
Additional BSE images of the melt clast from polymict breccia meteorite NWA 7475 that
hosts the bimineral baddeleyite-zircon crystal clast. The first image (i) shows the oblong,
rounded boundary (orange arrow) between the generally courser grain sizes in melt clast
and the finer breccia matrix. Higher magnification images (ii) and (iii) of the right edge of
the melt clast (green arrows) highlights the finer grained matrix breccia material infilling
the space between the melt clast and an adjacent (>500 𝜇m) clast.
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